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Abstract: Primary ciliary dyskinesia (PCD) is a rare inherited ciliopathy in which respiratory cilia
are stationary or dyskinetic. The clinical presentation of PCD is highly non-specific since it includes
infections and disorders of the upper (otitis and rhinosinusitis) and lower (neonatal respiratory
distress, bronchitis, pneumonia and bronchiectasis) airways, starting in early life. Clinical exami-
nation alone does not allow a PCD diagnosis, which relies on several concordant tests, since none
are sensitive or specific enough alone. Despite being the most sensitive and specific test to diagnose
PCD, digital high-speed videomicroscopy (DHSV) is not sufficiently standardized, preventing its use
with complete confidence as a confirmatory diagnostic test for PCD, or its inclusion in a diagnostic
algorithm. Since the 2017 ERS recommendations for PCD diagnosis, three main issues remain to
be solved in order to optimize DHSV ciliary beating evaluation: the problem in defining an accu-
rate sensitivity and specificity as there is no gold standard method to diagnose all PCD cases, a
lack of standardization in the operating procedure for processing respiratory samples, and in the
choice of measured parameters (self-operating or not). The development of new automated analysis
approaches is promising and will require full clinical validation.

Keywords: primary ciliary dyskinesia (PCD); digital high-speed videomicroscopy (DHSV); ciliary
beat frequency (CBF); ciliary beat pattern (CBP); diagnostic; standardization

1. Introduction

Mucociliary transport is a key innate mechanism of airway defense. It relies upon
the continuous periodic and coordinated beating of respiratory motile cilia that removes
the pathogens trapped in the mucus layer. In case of beating disorders, the inefficiency of
mucociliary transport leads to pathogen stagnation, proliferation and airway infections.

Primary ciliary dyskinesia (PCD) is a group of inherited diseases characterized by
mucociliary transport defects due to inefficient beating. PCD is a rare disease, affecting 1 in
every 10,000-40,000 individuals born [1]. The clinical presentation of PCD is highly non-
specific since it includes infections and disorders of the upper (otitis and rhinosinusitis) and
lower (neonatal respiratory distress, bronchitis, pneumonia and bronchiectasis) airways,
starting in early life. However, some syndromic associations point to PCD. Notably, nearly
50% of PCD patients present with situs inversus secondary to abnormal beating of the
primary nodal motile cilia, responsible for organ lateralization [2]. The association of
rhinosinusitis, bronchiectasis and situs inversus constitutes the well-known Kartagener
syndrome which is considered as a clinically diagnosed PCD [3]. The phenotype can also
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include congenital cardiac malformations, laterality defects other than situs inversus and
fertility issues secondary to an abnormal beating of cilia in the female reproductive tract or
to an immotile flagellum (a cilium-like structure) of the male spermatozoid [4].

Clinical examination alone does not allow a PCD diagnosis, which relies on several
concordant tests, since none are sensitive or specific enough alone. PCD diagnostic testing
includes ciliary beating observation, ciliary ultrastructure study by transmission electron
microscopy (TEM), immunostaining of ciliary proteins, nasal nitric oxide measurement and
molecular sequencing [5]. In clinical practice, analyses of ciliary beating are not feasible
in vivo and require sampling respiratory ciliated cells from the nose or bronchus for ex
vivo study [6-8]. In selected cases, epithelial cells can be cultured for in vitro analysis to
differentiate PCD from secondary dyskinesia [9-11].

Microscopic visualization of immotile respiratory cilia was one of the first observations
of abnormal ciliary motion developed for PCD diagnosis, reported as “immaotile cilia
syndrome” at that time [12,13]. Later, the observation of motile but dyskinetic cilia in
a case of Kartagener syndrome led to the name of PCD [14]. Meanwhile, coupling the
microscope with stroboscopy, photo-oscillometer or photo-multiplier techniques allowed
measuring the ciliary beat frequency (CBF), whose ex vivo normal values are between 10
and 15 Hz at 37 °C [15]. For several years, decreased CBF was a criterion for performing
a TEM, which was the gold reference test for diagnosis [16]. However, some PCD cases
present with a normal CBF, while a low CBF can also be secondary to airborne aggressions
(tobacco smoke, pollution) and to non-PCD respiratory diseases such as rhinosinusitis and
chronic bronchitis [17-21]. Thus, the limits of the early techniques led to the development
of digital high-speed videomicroscopy (DHSV). This technique uses a high-speed digital
video camera attached to a microscope that records ciliary beating at high speeds (120 to
500 frames per second) [15].

Proposed for ciliary studies since 1984 [22], DHSV has resulted in a major improvement
in ciliary beating analysis, allowing multiple slow-motion replays and providing video
collections suitable for expert advice or research purposes [5,15,23].

Using DHSV, Chilvers et al. suggested that the ciliary beat pattern (CBP) could be
associated with specific ultrastructural defects [23]. Moreover, Stannard et al. demonstrated
a superior accuracy of CBP evaluation using DHSV compared with CBF measurement
alone [16]. To be able to evaluate CBP precisely, a video playback system allows the video
sequences to be reviewed at a reduced frame rate, and observing the precise movement
of cilia during their beat cycles is necessary [24]. Moreover, the quality of samples is
important. Indeed, abundant ciliated cell samples and undisrupted ciliated epithelial edges
at least 50 um in length and free of mucus, germs and cellular debris are important to
characterize CBP [24], as Thomas et al. [25] showed that a disrupted ciliated epithelium
showed a slower CBF and increased dyskinesia.

Later, Papon et al. demonstrated that DHSV allowed a detailed analysis of ciliary
beating not only by subjectively describing the ciliary beat patterns (i.e., normal, virtually
immotile, stiff beating with a reduced amplitude, circular gyrating motion) but also by
measuring numerous objective parameters (e.g., CBF, power and recovery stroke duration,
pauses after the active and recovery strokes, cilia length and beating angle, distance traveled
by the cilium and the area swept) [26]. To date, several studies have correlated ciliary
beating anomalies with particular ultrastructural defects and genotypes [27,28].

Considering the importance of DHSV for PCD diagnosis, the European Respiratory
Society (ERS) Task Force on PCD diagnosis stated in 2017 that DHSV is an accurate test
for PCD when performed by experienced observers combining CBF measurement and
CBP analysis (sensitivity of 0.95-1.00, and specificity of 0.93-0.95) [5]. The guidelines were
as follows:

- High-speed video analysis, including CBF and CBP analysis, should be used as part of
the diagnostic work-up of patients suspected of having PCD (weak recommendation);

- CBF should not be used without assessment of CBP in diagnosing PCD (strong
recommendation);
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- To improve the diagnostic accuracy of DHSV, CBF and CBP assessment should be
repeated after air-liquid interface epithelial cell culture (strong recommendation) [5].

While PCD diagnosis is obvious when the clinical suspicion is high and cilia are
immotile, the 2017 ERS guidelines highlighted the limits of DHSV, which is not suffi-
ciently standardized to rule in or rule out PCD in isolation. Since then, new guidelines
and research development have attempted to improve objective and standardized ciliary
beating analysis.

2. Update of Literature Concerning Ciliary Videomicroscopy since the 2017 European
Respiratory Society Recommendation, Concerning Ciliary Videomicroscopy
Sensitivity and Specificity for PCD, and Advances in the Standardization of
the Technique

The ERS recommendations on DHSV as a PCD diagnostic test were based on low
confidence due to three main issues: the lack of evidence on DHSV’s diagnostic efficiency
(1), the lack of consensus on a standard operating procedure to perform DHSV (2), and on
the measured parameters for ciliary beating evaluation (3).

2.1. The Lack of Evidence on DHSV’s Diagnostic Efficiency

Some new studies focused on the evaluation of DHSV’s reliability for PCD diagnosis,
but only two were retained in the ERS guidelines to evaluate the sensibility and specificity
of DHSV [5], as these were selected according to the GRADE approach [29]. However,
this might be an inaccurate evaluation of DHSV’s diagnostic reliability as it was evaluated
against an incomplete reference standard (mainly TEM alone) or against a reference stan-
dard including DHSV. A recent retrospective cohort study published in 2019 by Rubbo
et al. reported an excellent sensitivity (100%) and specificity (96%) for DHSV to diagnose
PCD against the ERS guidelines (TEM and/or genetic testing) [30], but this retrospective
study was criticized for its methodology [31]. Indeed, Shapiro et al. [31] highlighted that
in this study, the scientists selected six video clips per patient, rather than randomly se-
lecting video clips from an eligible pool, suggesting a possible inappropriate exclusion of
clips. Furthermore, they raised the issue that DHSV was not performed on three occasions
or after cell culture, as recommended by the ERS guidelines, suggesting that secondary
dyskinesia might be wrongly interpreted as a PCD diagnosis. However, DHSV is highly
important in PCD diagnosis as it might detect PCD cases missed by TEM and/or genetics.
The 2017 ERS guidelines recognized that TEM and genetics together would miss 20-30% [5]
of patients who truly have PCD (false negative), and DHSV might detect most of these
patients who require specialist PCD care [30]. For instance, in patients with a mutation
in the PCD-associated genes DRC2, OFD1, GAS2L2, LRRC56, CFAP57, CEAP221, SPEF2
and DNAH11, ciliary ultrastructural evaluation by TEM is mainly normal [28]. Before the
discovery of these genes, PCD diagnosis was highly suggested only by abnormal ciliary
beating detected by DHSV [32].

2.2. The Lack of Consensus on a Standard Operating Procedure to Perform DHSV

The second issue is that the DHSV protocol is not sufficiently standardized to confirm
a PCD diagnosis [5,33]. Indeed, the respiratory epithelium can be sampled using a brush, a
curette or forceps, usually from the nose [34]. Moreover, ciliary function varies under dif-
fering environmental and physiological conditions, such as pH [35-37], osmolarity [36,37],
oxygen [38], the presence of drugs [39], vitamins [40] or ions [41] within the medium, the
temperature [35,42] (with some centers measuring at 37 °C [26,43—-45] and others at lower
temperatures [7,9,46]) and the time between sampling and video recording [47]. These
conditions need to be strictly regulated, since minor variations may affect ciliary function.

Since the 2017 ERS recommendations, only three standard operating procedure studies
have been published.

Nikolaizik et al. [48] studied CBF and CBP using DHSV (with a Sisson-Ammons
Video Analysis) at three different temperatures: 25 °C, 32 °C and 37 °C, on 100 young
healthy volunteers. As with previous studies, the results showed that the CBF increases
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significantly with the temperature. Indeed, the median CBF was 7.0 Hz (6.2-9.6), 7.6 Hz
(5.8-9.1) and 8.5 Hz (6.5-9.8) at 25 °C, 32 °C and 37 °C, respectively (p < 0.0001). They
also reported that the CBP did not change according to the temperature. Unfortunately,
they did not report a precise description of the beating pattern, and no quantitative CBP
evaluation was available.

Bricmont et al. [44] studied the influence of the conservation of respiratory epithelial
samples on ciliary functional analysis to determine the optimal storage conservation and
durations of nasal brushing samples before being prepared for DHSV. In this study, using
only five nasal brushing samples from healthy adults, samples were divided equally and
conserved either at 4 °C or at 22 °C. Beating cilia were recorded using DHSV at 37 °C
immediately (HO), and then 9 h after sampling (H9). Ciliary function was assessed by the
CBF and the percentage of normal CBPs. The results showed that there was no significant
difference between the CBF assessed immediately or 9 h after sampling, regardless of the
sample storage temperature (13.4 £ 1.9 Hz (HO) vs. 14.9 + 2.8 Hz (H9 at 4 °C), p = 0.44,
and 13.4 + 1.9 Hz (HO) vs. 17.1 £ 3.1 Hz (H9 at 22 °C), p = 0.11). Similar results have been
shown for the percentage of normal CBPs: 80 £ 7.5% (HO) vs. 70.3 £ 8.5% (H9 at 4 °C)
(p = 0.16), and 80 =+ 7.5% (HO) vs. 78.5 & 8.1% (H9 at 22 °C) (p = 0.70) [44].

Reula et al. [49] studied ciliary motility variations with time and temperature. In
this study, 27 nasal curettages from healthy volunteers were divided equally; half of the
samples were kept at room temperature (22-24 °C), and the other half were kept in a
refrigerator (4 °C). For each sample, video sequences were recorded using DHSV at room
temperature at 0, 3, 24 and 48 h after sampling. Three samples were also recorded at 72 h.
The results showed that both at room temperature and at 4 °C, the CBF increased with
the time between sampling and video recording. The percentage of dyskinetic CBPs also
increased with the time before video recording, especially after 3 h, and regardless of the
storage temperature, suggesting that video recording should be performed within 3 h after
sampling. However, in 2010, Sommer et al. [47] reported a moderate increase in the CBF
(recorded at 22 °C) during the first 3 h, followed by a slow decrease, with the greatest
stability between 3 and 9 h after sampling; no description of the CBP was reported.

Unfortunately, these three studies were performed only on healthy volunteers.

Lee et al. [50] tested four different commercially available cell culture media (BEGM
(Bronchial Epithelial Cell Growth Medium, Lonza), AECGM (Airway Epithelial Cell
Growth Medium, PromoCell), LHC-8 (Gibco) and PneumaCult (STEMCELL Technologies))
for respiratory ciliated epithelial cell differentiation of nine nasal brushing samples from
six healthy subjects, two patients with chronic obstructive pulmonary disease and one
patient with PCD, using the ALI cell culture method. During the ALI cell culture procedure,
the ciliated respiratory epithelium is in contact with the cell culture medium for a long
duration (between 21 and 42 days [51]). They reported that the CBF was influenced by the
cell culture medium chosen. Indeed, cilia obtained from the ALI culture using PneumaCult
had a statistically lower CBF than those from AECGM (p < 0.01) or LHC-8 (p < 0.001) [50].
These results suggested that a long-term exposure to varying compositions and concentra-
tions of nutrients present in the culture medium may influence ciliary beating. However,
no evaluation of the CBP was performed.

These four standard operating procedure studies bring some new insights on the
DHSV methodology, but larger studies are needed to confirm these preliminary results,
notably in pathological conditions.

Given the lack of evidence-based data and formal recommendations for the optimal
respiratory sample collection and processing, various laboratories use different protocols
and consequently have different reference values [52].

2.3. The Lack of Consensus on the Measured Parameters for Ciliary Beating Evaluation

The third issue highlighted regarding DHSV is that the choice of the parameters
set to analyze ciliary beating is not clearly established. Do we have to use a physical
parameter defined in a specific region of interest (ROI) vs. a whole field analysis (e.g., CBF
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or amplitude)? How can we obtain the mean of this parameter to obtain a representative
value of the studied subject? Do we have to use a global score (e.g., CBP, shear stress,
coordination) or an association of parameters? These remain open-ended questions.

Despite these criticisms, this technique has many considerable advantages. Indeed,
DHSV provides an accurate result on the day of the testing, which allows direct patient
counselling and direct appropriate care while awaiting confirmatory TEM and genetics [30].
DHSV may also have another important advantage in the assessment of new PCD treat-
ments. Indeed, as the whole procedure is relatively easy to repeat over time, it might help
to assess the treatment’s ability to restore or degrade ciliary function, and to longitudinally
follow up the ciliary function in PCD patients.

3. New Applications of Videomicroscopy, Focusing on New Approaches for
Automated Ciliary Motion Evaluation

As manual processing of DHSV data involves some subjectivity and is time-
consuming [53,54], a variety of software applications have been developed for CBF and
CBP assessment, using different semi-automated [54,55] (involving the selection of specific
ROIs) or fully automated programs [53,56] (analyzing the entire captured image). Different
computer-assisted software packages for CBP analysis [57] have been developed, mostly
involving the evaluation of the CBP in a limited ROI, but currently, none are commercially
available. Based upon DHSV, several methods have recently been proposed to evaluate,
both quantitatively and almost automatically, the ciliary motion and/or its efficiency.

In 2015, Quinn et al. [58] proposed using the spatial and temporal variations in
the optical flow to define a digital signature characterizing the ciliary motion. Briefly,
optical flow models the apparent motion at each pixel from frame to frame. This motion
is decomposed into two elemental components of rotation and deformation. Then, the
frequency histograms of these components define the digital signature of the ciliary motion.
The authors found that this digital signature allowed differentiating normal and abnormal
ciliary motions with a high degree of accuracy.

Bottier et al. [59,60] proposed assessing the cilia movement by tracking the movement
of microbeads used as markers of the fluid displacement generated by ciliary beating. For
this, 4.5 um-diameter microbeads are inserted in the cell suspension, and their motion next
to the ciliated edge is recorded by DHSV. The microbead motion provides the fluid velocity
field, which allows estimating the shear stress induced by the cilia on the fluid if we know
the fluid viscosity. This shear stress characterizes the momentum transfer between the cilia
and fluid. It can be seen as an index of the ciliary motion efficiency.

Feriani et al. [61] proposed using the differential dynamic microscopy-based ap-
proach [62] to perform, simultaneously and in a completely automated fashion, both a
temporal and a spatial analysis on top-view DHSV of a layer, which allows estimating the
CBF and the degree of cilia coordination. Here, the degree of cilia coordination is not the
wavelength of the metachronal wave but a scale where the cilia dynamics is coordinated.
The method based upon the frame differences at various times and the 2D Fourier trans-
form may provide temporal and spatial coherence of any dynamics in the video. In the
context of cystic fibrosis, Chioccioli et al. [63] observed that the coordination in air-liquid
interface epithelial cell cultures was affected by CFTR-modulating drugs.

If these three methods clearly provide global information about ciliary motion with
either the motion signature, its coordination or its effectiveness without requiring too much
subjectivity of an operator, it nevertheless remains true that these methods have not been
systematically confronted with cohorts of PCD. Thus, to date, there has been no study in
the literature that allows describing the accuracy of these methods in the diagnosis of PCD
and/or their ability to differentiate different genotypes/phenotypes encountered in PCD.

CBP manual evaluation and characterization of specific beating patterns are currently
highly subjective; however, automated methods currently do not allow defining a particular
CBP. Further research has to focus on developing automated beat pattern recognition.
This will require a high number of video sequences of ciliary beating obtained from
well-defined PCD phenotypes, in order to allow correlations between specific CBPs and
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specific ciliary ultrastructural and genetic defects. As PCD is a rare disease, this will
require collaboration between international PCD centers, using a standardized operating
procedure to perform DHSV.

4. Conclusions

Despite being the most sensitive and specific test to diagnose PCD, international
recommendations have stated that DHSV is not sufficiently standardized to be used as
a confirmatory diagnostic test (European Respiratory Society) [5], or to be included in a
diagnostic algorithm (American Thoracic Society) [33].

Since the 2017 ERS recommendations for PCD diagnosis, three main issues persist,
preventing DHSV from being used as a confirmatory diagnostic test for PCD: the difficulty
in defining an accurate sensitivity and specificity for DHSV as there is no gold standard test
detecting all PCD cases, a lack of standardization in the operating procedure for processing
samples using DHSV, and in the interpretation of ciliary functional analysis.

Rigorous quantitative methodological studies are needed to study the impact of
different conditions used in the operating procedure for DHSV on complete ciliary function.
Once this is identified, an expert consensus has to define “standard conditions” to perform
DHSYV, and a standardized CBF and CBP evaluation system. Using this standardized
operating procedure and ciliary functional evaluation, normal data can be defined and used
in different laboratories for a consensual PCD diagnosis. Moreover, as a manual evaluation
can be performed only by experienced scientists, the standardization of the manual DHSV
operation is the first step to developing a standardized automated ciliary beating evaluation,
especially to be used in the clinical field and in new PCD diagnostic centers.

Author Contributions: N.B.,, M.A., B.L., J.-EP. and C.K. each made substantial contributions to the
writing of this new review article. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by a grant from the Elvira EYCKELBERG fund associated with
the Leon Fredericq Foundation of the University of Liege and University Hospital Liege (CHU
of Liege).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

S

10.

Barbato, A.; Frischer, T.; Kuehni, C.E.; Snijders, D.; Azevedo, I.; Baktai, G.; Bartoloni, L.; Eber, E.; Escribano, A.; Haarman, E.; et al.
Primary ciliary dyskinesia: A consensus statement on diagnostic and treatment approaches in children. Eur. Respir. ]. 2009, 34,
1264-1276. [CrossRef] [PubMed]

Guichard, C.; Harricane, M.-C.; Lafitte, J.-J.; Godard, P.; Zaegel, M.; Tack, V.; Lalau, G.; Bouvagnet, P. Axonemal Dynein
Intermediate-Chain Gene (DNAI1) Mutations Result in Situs Inversus and Primary Ciliary Dyskinesia (Kartagener Syndrome).
Am. ]. Hum. Genet. 2001, 68, 1030-1035. [CrossRef]

Sleigh, M.A. Kartagener’s syndrome, ciliary defects and ciliary function. Eur. J. Respir. Dis. Suppl. 1983, 127, 157-161. [PubMed]
Vanaken, G.-J.; Bassinet, L.; Boon, M.; Mani, R.; Honoré, I.; Papon, J.E; Cuppens, H.; Jaspers, M.; Lorent, N.; Coste, A.; et al.
Infertility in an adult cohort with primary ciliary dyskinesia: Phenotype—gene association. Eur. Respir. J. 2017, 50, 1700314.
[CrossRef]

Lucas, ].S.; Barbato, A.; Collins, S.A.; Goutaki, M.; Behan, L.; Caudri, D.; Dell, S.; Eber, E.; Escudier, E.; Hirst, R.A.; et al. European
Respiratory Society guidelines for the diagnosis of primary ciliary dyskinesia. Eur. Respir. J. 2017, 49, 1601090. [CrossRef]
Rayner, C.F; Rutman, A.; Dewar, A.; Greenstone, M.A.; Cole, PJ.; Wilson, R. Ciliary disorientation alone as a cause of primary
ciliary dyskinesia syndrome. Am. J. Respir. Crit. Care Med. 1996, 153, 1123-1129. [CrossRef]

Coste, A.; Millepied, M.-C.; Chapelin, C.; Reinert, P.; Poron, F; Boucherat, M.; Escudier, E. Incidence of Primary Ciliary Dyskinesia
in Children with Recurrent Respiratory Diseases. Ann. Otol. Rhinol. Laryngol. 1997, 106, 854-858. [CrossRef]

Santamaria, F.; de Santi, M.M.; Grillo, G.; Sarnelli, P.; Caterino, M.; Greco, L. Ciliary motility at light microscopy: A screening
technique for ciliary defects. Acta Paediatr. 1999, 88, 853-857. [CrossRef] [PubMed]

Jorissen, M.; Willems, T.; Van Der Schueren, B.; Verbeken, E.; De Boeck, K. Ultrastructural expression of primary ciliary dyskinesia
after ciliogenesis in culture. Acta Otorhinolaryngol. Belg. 2000, 54, 343-356.

Toskala, E.; Haataja, J.; Shirasaki, H.; Rautiainen, M. Culture of cells harvested with nasal brushing: A method for evaluating
ciliary function. Rhinol. J. 2005, 43, 121-124.


http://doi.org/10.1183/09031936.00176608
http://www.ncbi.nlm.nih.gov/pubmed/19948909
http://doi.org/10.1086/319511
http://www.ncbi.nlm.nih.gov/pubmed/6225658
http://doi.org/10.1183/13993003.00314-2017
http://doi.org/10.1183/13993003.01090-2016
http://doi.org/10.1164/ajrccm.153.3.8630555
http://doi.org/10.1177/000348949710601008
http://doi.org/10.1111/j.1651-2227.1999.tb00061.x
http://www.ncbi.nlm.nih.gov/pubmed/10503685

Diagnostics 2021, 11, 1700 7 of 9

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Pifferi, M.; Montemurro, F.; Cangiotti, A.M.; Ragazzo, V.; Di Cicco, M.; Vinci, B.; Vozzi, G.; Macchia, P; Boner, A.L. Simplified cell
culture method for the diagnosis of atypical primary ciliary dyskinesia. Thorax 2009, 64, 1077-1081. [CrossRef] [PubMed]
Pedersen, H.; Mygind, N. Absence of axonemal arms in nasal mucosa cilia in Kartagener’s syndrome. Nat. Cell Biol. 1976, 262,
494-495. [CrossRef]

Afzelius, B.A. A human syndrome caused by immotile cilia. Science 1976, 193, 317-319. [CrossRef] [PubMed]

Rossman, C.M.; Forrest, ].B.; Lee, R.M.; Newhouse, A.F.; Newhouse, M.T. The dyskinetic cilia syndrome; abnormal ciliary motility
in association with abnormal ciliary ultrastructure. Chest 1981, 80, 860-865.

Chilvers, M.A.; 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, 314-317. [CrossRef]

Stannard, W.A; Chilvers, M.; Rutman, A.R.; Williams, C.; O’Callaghan, C.L. Diagnostic Testing of Patients Suspected of Primary
Ciliary Dyskinesia. Am. J. Respir. Crit. Care Med. 2010, 181, 307-314. [CrossRef] [PubMed]

Adam, E.C.; Mitchell, B.S.; Schumacher, D.U.; Grant, G. Pseudomonas aeruginosa II lectin stops human ciliary beating: Therapeu-
tic implications of fucose. Am. J. Respir. Crit. Care Med. 1997, 155, 2102-2104. [CrossRef]

Bailey, K.L.; LeVan, T.D.; Yanov, D.A.; Pavlik, J.A.; DeVasure, ].M.; Sisson, ].H.; Wyatt, T.A. Non-typeable Haemophilus influenzae
decreases cilia beating via protein kinase Ce. Respir. Res. 2012, 13, 49. [CrossRef] [PubMed]

Feldman, C.; Anderson, R.; Cockeran, R.; Mitchell, T.; Cole, P.; Wilson, R. The effects of pneumolysin and hydrogen peroxide,
alone and in combination, on human ciliated epithelium in vitro. Respir. Med. 2002, 96, 580-585. [CrossRef]

Fliegauf, M.; Sonnen, A.E-P; Kremer, B.; Henneke, P. Mucociliary Clearance Defects in a Murine In Vitro Model of Pneumococcal
Airway Infection. PLoS ONE 2013, 8, €59925. [CrossRef]

Min, Y.-G.; Oh, SJ.; Won, T.-B.; Kim, Y.M.; Shim, W.S.; Rhee, C.-S.; Min, ].-Y.; Dhong, H.-]. Effects of staphylococcal enterotoxin on
ciliary activity and histology of the sinus mucosa. Acta Otolaryngol. 2006, 126, 941-947. [CrossRef]

Dresdner, R.D.; Wong, L.B. Measurement of ciliary beat frequency using high-speed video microscopy. Biomed. Sci. Instrum. 1984,
20, 37-46. [PubMed]

Chilvers, M.; Rutman, A.; O’Callaghan, C. Ciliary beat pattern is associated with specific ultrastructural defects in primary ciliary
dyskinesia. J. Allergy Clin. Immunol. 2003, 112, 518-524. [CrossRef]

Kempeneers, C.; Seaton, C.; Espinosa, B.G.; Chilvers, M. Ciliary functional analysis: Beating a path towards standardization.
Pediatr. Pulmonol. 2019, 54, 1627-1638. [CrossRef] [PubMed]

Thomas, B.; Rutman, A.; O’Callaghan, C. Disrupted ciliated epithelium shows slower ciliary beat frequency and increased
dyskinesia. Eur. Respir. J. 2009, 34, 401-404. [CrossRef]

Papon, J.-F.; Bassinet, L.; Cariou-Patron, G.; Zerah-Lancner, F; Vojtek, A.-M.; Blanchon, S.; Crestani, B.; Amselem, S.; Coste, A;
Housset, B.; et al. Quantitative analysis of ciliary beating in primary ciliary dyskinesia: A pilot study. Orphanet |. Rare Dis. 2012, 7,
78. [CrossRef]

Raidt, ].; Wallmeier, J.; Hjeij, R.; Onnebrink, J.G.; Pennekamp, P.; Loges, N.T.; Olbrich, H.; Héffner, K.; Dougherty, G.W.; Omran,
H,; et al. Ciliary beat pattern and frequency in genetic variants of primary ciliary dyskinesia. Eur. Respir. ]. 2014, 44, 1579-1588.
[CrossRef]

Blanchon, S.; Legendre, M.; Bottier, M.; Tamalet, A.; Montantin, G.; Collot, N.; Faucon, C.; Dastot, E; Copin, B.; Clement, A ; et al.
Deep phenotyping, including quantitative ciliary beating parameters, and extensive genotyping in primary ciliary dyskinesia. J.
Med. Genet. 2019, 57, 237-244. [CrossRef] [PubMed]

Schiinemann, H.J.; Oxman, A.D.; Brozek, J.; Glasziou, P.; Jaeschke, R.; Vist, G.E.; Williams, J.W.,, Jr.; Kunz, R.; Craig, J.; Montori,
V.M,; et al. Grading quality of evidence and strength of recommendations for diagnostic tests and strategies. BM] 2008, 336,
1106-1110. [CrossRef]

Rubbo, B.; Shoemark, A.; Jackson, C.L.; Hirst, R.; Thompson, J.; Hayes, J.; Frost, E.; Copeland, F.; Hogg, C.; O’Callaghan, C.; et al.
Accuracy of High-Speed Video Analysis to Diagnose Primary Ciliary Dyskinesia. Chest 2019, 155, 1008-1017. [CrossRef]
Shapiro, A.J.; Leigh, M.W.; Omran, H.; Lavergne, V.; Knowles, M.R. Errors in Methodology Affect Diagnostic Accuracy of
High-Speed Videomicroscopy Analysis in Primary Ciliary Dyskinesia. Chest 2019, 156, 1032-1033. [CrossRef]

Shoemark, A.; Rubbo, B.; Haarman, E.; Hirst, R.A.; Hogg, C.; Jackson, C.L.; Nielsen, K.G.; Papon, ].-F,; Robinson, P.; Walker,
W.T,; et al. The Controversies and Difficulties of Diagnosing Primary Ciliary Dyskinesia. Am. J. Respir. Crit. Care Med. 2020, 201,
120-122. [CrossRef]

Shapiro, A.J.; Davis, S.D.; Polineni, D.; Manion, M.; Rosenfeld, M.; Dell, S.D.; Chilvers, M.A.; Ferkol, TW.; Zariwala, M.A.; Sagel,
S.D.; et al. Diagnosis of Primary Ciliary Dyskinesia. An Official American Thoracic Society Clinical Practice Guideline. Am. J.
Respir. Crit. Care Med. 2018, 197, e24-e39. [CrossRef]

Friedman, N.R.; Pachigolla, R.; Deskin, RW.; Hawkins, H.K. Optimal Technique to Diagnose Primary Ciliary Dyskinesia.
Laryngoscope 2000, 110, 1548-1551. [CrossRef]

Clary-Meinesz, C.; Mouroux, J.; Cosson, J.; Huitorel, P; Blaive, B. Influence of external pH on ciliary beat frequency in human
bronchi and bronchioles. Eur. Respir. ]. 1998, 11, 330-333. [CrossRef]

Luk, C.K.; Dulfano, M.]. Effect of pH, Viscosity and Ionic-Strength Changes on Ciliary Beating Frequency of Human Bronchial
Explants. Clin. Sci. 1983, 64, 449-451. [CrossRef] [PubMed]

Van de Donk, H.J.; Zuidema, J.; Merkus, EW. The influence of the pH and osmotic pressure upon tracheal ciliary beat frequency
as determined with a new photo-electric registration device. Rhinology 1980, 18, 93-104.


http://doi.org/10.1136/thx.2008.110940
http://www.ncbi.nlm.nih.gov/pubmed/19770168
http://doi.org/10.1038/262494a0
http://doi.org/10.1126/science.1084576
http://www.ncbi.nlm.nih.gov/pubmed/1084576
http://doi.org/10.1136/thorax.55.4.314
http://doi.org/10.1164/rccm.200903-0459OC
http://www.ncbi.nlm.nih.gov/pubmed/19910612
http://doi.org/10.1164/ajrccm.155.6.9196121
http://doi.org/10.1186/1465-9921-13-49
http://www.ncbi.nlm.nih.gov/pubmed/22712879
http://doi.org/10.1053/rmed.2002.1316
http://doi.org/10.1371/journal.pone.0059925
http://doi.org/10.1080/00016480500469016
http://www.ncbi.nlm.nih.gov/pubmed/6608961
http://doi.org/10.1016/S0091-6749(03)01799-8
http://doi.org/10.1002/ppul.24439
http://www.ncbi.nlm.nih.gov/pubmed/31313529
http://doi.org/10.1183/09031936.00153308
http://doi.org/10.1186/1750-1172-7-78
http://doi.org/10.1183/09031936.00052014
http://doi.org/10.1136/jmedgenet-2019-106424
http://www.ncbi.nlm.nih.gov/pubmed/31772028
http://doi.org/10.1136/bmj.39500.677199.AE
http://doi.org/10.1016/j.chest.2019.01.036
http://doi.org/10.1016/j.chest.2019.06.021
http://doi.org/10.1164/rccm.201907-1334LE
http://doi.org/10.1164/rccm.201805-0819ST
http://doi.org/10.1097/00005537-200009000-00026
http://doi.org/10.1183/09031936.98.11020330
http://doi.org/10.1042/cs0640449
http://www.ncbi.nlm.nih.gov/pubmed/6825413

Diagnostics 2021, 11, 1700 80f9

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Stanek, A.; Brambrink, A.M.; Latorre, F.; Bender, B.; Kleemann, P.P. Effects of normobaric oxygen on ciliary beat frequency of
human respiratory epithelium. Br. ]. Anaesth. 1998, 80, 660—664. [CrossRef]

Rusznak, C.; Devalia, ].; Lozewicz, S.; Davies, R. The assessment of nasal mucociliary clearance and the effect of drugs. Respir.
Med. 1994, 88, 89-101. [CrossRef]

Jiao, J.; Meng, N.; Wang, H.; Zhang, L. The effects of vitamins C and B12 on human nasal ciliary beat frequency. BMC Complement.
Altern. Med. 2013, 13, 110. [CrossRef]

Yasuda, M.; Inui, T.-A.; Hirano, S.; Asano, S.; Okazaki, T.; Inui, T.; Marunaka, Y.; Nakahari, T. Intracellular C1— Regulation of
Ciliary Beating in Ciliated Human Nasal Epithelial Cells: Frequency and Distance of Ciliary Beating Observed by High-Speed
Video Microscopy. Int. |. Mol. Sci. 2020, 21, 4052. [CrossRef]

Jackson, C.; Goggin, PM.; Lucas, ].S. Ciliary Beat Pattern Analysis Below 37 °C May Increase Risk of Primary Ciliary Dyskinesia
Misdiagnosis. Chest 2012, 142, 543-544. [CrossRef]

Jackson, C.; Behan, L.; Collins, S.A.; Goggin, PM.; Adam, E.C.; Coles, ].L.; Evans, H.J.; Harris, A.; Lackie, P.; Packham, S.; et al.
Accuracy of diagnostic testing in primary ciliary dyskinesia. Eur. Respir. ]. 2016, 47, 837-848. [CrossRef] [PubMed]

Bricmont, N.; Benchimol, L.; Poirrier, A.-L.; Boboli, H.; Seghaye, M.-C.; Louis, R.; Lefebvre, P.; Louis, B.; Papon, J.-F.; Kempeneers,
C. The influence of the conservation of respiratory epithelial samples on ciliary functional analysis. Eur. Respir. ]. Sep. 2020, 56,
1888. [CrossRef]

Bricmont, N.; Benchimol, L.; Poirrier, A.-L.; Grignet, C.; Seaton, C.; Chilvers, M.A.; Seghaye, M.-C.; Louis, R.; Lefebvre, P.;
Kempeneers, C. Nasal Brushing Sampling and Processing using Digital High Speed Ciliary Videomicroscopy—Adaptation for
the COVID-19 Pandemic. J. Vis. Exp. 2020, 10, e61949. [CrossRef]

Hirst, R.A ; Jackson, C.; Coles, J.L.; Williams, G.; Rutman, A.; Goggin, PM.; Adam, E.C.; Page, A.; Evans, H.].; Lackie, PM.; et al.
Culture of Primary Ciliary Dyskinesia Epithelial Cells at Air-Liquid Interface Can Alter Ciliary Phenotype but Remains a Robust
and Informative Diagnostic Aid. PLoS ONE 2014, 9, e89675. [CrossRef]

Sommer, ].U.; Gross, S.; Héormann, K.; Stuck, B.A. Time-dependent changes in nasal ciliary beat frequency. Eur. Arch. Otorhino-
laryngol. 2010, 267, 1383-1387. [CrossRef]

Nikolaizik, W.; Hahn, J.; Bauck, M.; Weber, S. Comparison of ciliary beat frequencies at different temperatures in young adults.
ERJ Open Res. 2020, 6, 00477-02020. [CrossRef]

Reula, A.; Pitarch-Fabregat, ].; Milara, J.; Cortijo, J.; Mata-Roig, M.; Milian, L.; Armengot, M. High-Speed Video Microscopy for
Primary Ciliary Dyskinesia Diagnosis: A Study of Ciliary Motility Variations with Time and Temperature. Diagnnostics 2021, 11,
1301. [CrossRef]

Lee, D.D.H.; Petris, A.; Hynds, R.E.; O’Callaghan, C. Ciliated Epithelial Cell Differentiation at Air-Liquid Interface Using
Commercially Available Culture Media. Methods Mol. Biol. 2020, 2109, 275-291. [CrossRef]

Coles, J.L.; Thompson, J.; Horton, K.L.; Hirst, R.A.; Griffin, P.; Williams, G.M.; Goggin, P; Doherty, R.; Lackie, PM.; Harris, A.;
et al. A Revised Protocol for Culture of Airway Epithelial Cells as a Diagnostic Tool for Primary Ciliary Dyskinesia. J. Clin. Med.
2020, 9, 3753. [CrossRef]

Horani, A.; Ferkol, TW. Advances in the Genetics of Primary Ciliary Dyskinesia: Clinical Implications. Chest 2018, 154, 645-652.
[CrossRef] [PubMed]

Sisson, J.H.; Stoner, J.A.; Ammons, B.A.; Wyatt, T.A. All-digital image capture and whole-field analysis of ciliary beat frequency. J.
Microsc. 2003, 211, 103-111. [CrossRef]

Smith, C.M.; Djakow, J.; Free, R.C.; Djakow, P.; Lonnen, R.; Williams, G.; Pohunek, P.; Hirst, R.A.; Easton, A.].; Andrew, PW.; et al.
ciliaFA: A research tool for automated, high-throughput measurement of ciliary beat frequency using freely available software.
Cilia 2012, 1, 14. [CrossRef] [PubMed]

Armengot, M.; Bonet, M.; Carda, C.; Gémez, M.].; Milara, ].; Mata, M.; Cortijo, ]. Development and Validation of a Method of Cilia
Motility Analysis for the Early Diagnosis of Primary Ciliary Dyskinesia. Acta Otorrinolaringol. 2012, 63, 1-8. [CrossRef] [PubMed]
Dimova, S.; Maes, E.; Brewster, M.E.; Jorissen, M.; Noppe, M.; Augustijns, P. High-speed digital imaging method for ciliary beat
frequency measurement. J. Pharm. Pharmacol. 2010, 57, 521-526. [CrossRef] [PubMed]

Sears, P.R.; Thompson, K.; Knowles, M.R.; Davis, C.W. Human airway ciliary dynamics. Am. J. Physiol. Lung Cell. Mol. Physiol.
2013, 304, L170-L183. [CrossRef]

Quinn, S.P; Zahid, M.J.; Durkin, J.R.; Francis, RJ.; Lo, C.W.; Chennubhotla, S.C. Automated identification of abnormal respiratory
ciliary motion in nasal biopsies. Sci. Transl. Med. 2015, 7, 299ra124. [CrossRef]

Bottier, M.; Blanchon, S.; Pelle, G.; Bequignon, E.; Isabey, D.; Coste, A.; Escudier, E.; Grotberg, J.; Papon, J.E; Filoche, M.; et al. A
new index for characterizing micro-bead motion in a flow induced by ciliary beating: Part I, experimental analysis. PLoS Comput.
Biol. 2017, 13, €1005605. [CrossRef]

Bottier, M.; Fernandez, M.P; Pelle, G.; Isabey, D.; Louis, B.; Grotberg, ].; Filoche, M. A new index for characterizing micro-bead
motion in a flow induced by ciliary beating: Part II, modeling. PLoS Comput. Biol. 2017, 13, €1005552. [CrossRef]

Feriani, L.; Juenet, M.; Fowler, C.J.; Bruot, N.; Chioccioli, M.; Holland, S.M.; Bryant, C.E.; Cicuta, P. Assessing the Collective
Dynamics of Motile Cilia in Cultures of Human Airway Cells by Multiscale DDM. Biophys. J. 2017, 113, 109-119. [CrossRef]
[PubMed]


http://doi.org/10.1093/bja/80.5.660
http://doi.org/10.1016/0954-6111(94)90020-5
http://doi.org/10.1186/1472-6882-13-110
http://doi.org/10.3390/ijms21114052
http://doi.org/10.1378/chest.11-3253
http://doi.org/10.1183/13993003.00749-2015
http://www.ncbi.nlm.nih.gov/pubmed/26647444
http://doi.org/10.1183/13993003.congress-2020.1888
http://doi.org/10.3791/61949
http://doi.org/10.1371/journal.pone.0089675
http://doi.org/10.1007/s00405-010-1211-5
http://doi.org/10.1183/23120541.00477-2020
http://doi.org/10.3390/diagnostics11071301
http://doi.org/10.1007/7651_2019_269
http://doi.org/10.3390/jcm9113753
http://doi.org/10.1016/j.chest.2018.05.007
http://www.ncbi.nlm.nih.gov/pubmed/29800551
http://doi.org/10.1046/j.1365-2818.2003.01209.x
http://doi.org/10.1186/2046-2530-1-14
http://www.ncbi.nlm.nih.gov/pubmed/23351276
http://doi.org/10.1016/j.otorri.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21907944
http://doi.org/10.1211/0022357055777
http://www.ncbi.nlm.nih.gov/pubmed/15831215
http://doi.org/10.1152/ajplung.00105.2012
http://doi.org/10.1126/scitranslmed.aaa1233
http://doi.org/10.1371/journal.pcbi.1005605
http://doi.org/10.1371/journal.pcbi.1005552
http://doi.org/10.1016/j.bpj.2017.05.028
http://www.ncbi.nlm.nih.gov/pubmed/28700909

Diagnostics 2021, 11, 1700 90f9

62. Cerbino, R.; Trappe, V. Differential Dynamic Microscopy: Probing Wave Vector Dependent Dynamics with a Microscope. Phys.
Rev. Lett. 2008, 100, 188102. [CrossRef] [PubMed]

63. Chioccioli, M.; Feriani, L.; Kotar, J.; Bratcher, PE.; Cicuta, P. Phenotyping ciliary dynamics and coordination in response to
CFTR-modulators in Cystic Fibrosis respiratory epithelial cells. Nat. Commun. 2019, 10, 1-11. [CrossRef] [PubMed]


http://doi.org/10.1103/PhysRevLett.100.188102
http://www.ncbi.nlm.nih.gov/pubmed/18518417
http://doi.org/10.1038/s41467-019-09798-3
http://www.ncbi.nlm.nih.gov/pubmed/30992452

	Introduction 
	Update of Literature Concerning Ciliary Videomicroscopy since the 2017 European Respiratory Society Recommendation, Concerning Ciliary Videomicroscopy Sensitivity and Specificity for PCD, and Advances in the Standardization of the Technique 
	The Lack of Evidence on DHSV’s Diagnostic Efficiency 
	The Lack of Consensus on a Standard Operating Procedure to Perform DHSV 
	The Lack of Consensus on the Measured Parameters for Ciliary Beating Evaluation 

	New Applications of Videomicroscopy, Focusing on New Approaches for Automated Ciliary Motion Evaluation 
	Conclusions 
	References

