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SUMMARY:  20 
High-speed video microscopy analysis is a relatively easy-to-perform, fast, cost-effective, and, in 21 
experienced hands, a considerably reliable tool for first-line diagnostics of primary ciliary 22 
dyskinesia, which should be available in every center involved in diagnostics and the treatment 23 
of severe lung diseases. 24 
 25 
ABSTRACT:  26 
Primary ciliary dyskinesia (PCD) is a congenital disorder predominantly inherited in an autosomal 27 
recessive trait. The disorder causes disturbance in the motion of cilia, leading to severe 28 
impairment of mucociliary clearance (MCC). If undiagnosed or diagnosed too late, the condition 29 
leads to the development of bronchiectasis and serious damage to the lungs in later life. Most of 30 
the methods for diagnosing PCD are time-consuming and demand extensive economic resources 31 
to establish them. High-speed video microscopy analysis (HSVMA) is the only diagnostic tool to 32 
visualize and analyze living respiratory cells with beating cilia in vitro. It is fast, cost-effective, and, 33 
in experienced hands, very reliable as a diagnostic tool for PCD. In addition, classical diagnostic 34 
measures such as transmission electron microscopy (TEM) are not applicable for some mutations 35 
as morphological changes are absent.  36 
 37 
This paper describes the process of collecting respiratory epithelial cells, the further preparation 38 
of the specimen, and the process of HSVMA. We also describe how brushed cells can be 39 
successfully kept unharmed and beating by keeping them in a nourishing medium for storage and 40 
transport to the investigation site in cases where a clinic does not possess the equipment to 41 
perform HSVMA. Also shown are videos with pathologic beating patterns from patients with a 42 
mutation in the dynein arm heavy chain 11 gene (DNAH11), which cannot be diagnosed with 43 
TEM; the result of an inconclusive HSVMA due to infection of the upper airways, as well as an 44 
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unsuccessful brushing with superimposition of red blood cells. With this article, we would like to 45 
encourage every unit dealing with pulmonology patients and rare lung diseases to perform 46 
HSVMA as part of their daily routine diagnostics for PCD or send the specimens over to a center 47 
specializing in performing HSVMA. 48 
 49 
INTRODUCTION:   50 
Primary ciliary dyskinesia (PCD) is a rare, hereditary genetic disorder, which causes disturbances 51 
in the movement of beating cilia. If undiagnosed, it leads to severe lung damage in later life due 52 
to severe impairment of MCC. In the past, its prevalence has been estimated to be in the range 53 
of 1:4,000 to 50,000. Due to steadily improving diagnostics and a growing awareness of the 54 
condition, updates on the prevalence of PCD suggest that it might be much more common and 55 
probably in the range of 1:4,000 to 20,000 instead1,2. However, patients with PCD are still 56 
underdiagnosed or diagnosed too late1,3. Therefore, infants with either congenital situs inversus 57 
and/or heterotaxy or perinatal rhinorrhea, neonatal respiratory distress, a blocked nose, and 58 
feeding difficulties should be suspects for PCD. In later life, chronic otitis, recurrent pneumonia, 59 
rhinosinusitis, and a chronic, typical wet cough due to impaired MCC are the hallmark symptoms 60 
of PCD, which in combination with bronchiectasis and impaired lung function, continue into 61 
adulthood2.  62 
 63 
Patients suspected of having PCD can be diagnosed by using different diagnostic tools. TEM has 64 
been considered the gold standard for first-line diagnostics in the past. However, up to 30% of 65 
PCD cases do not show abnormal ultrastructure1,3,4,5,6, demanding a different diagnostic 66 
approach. Therefore, a growing number of centers and the guidelines of the European 67 
Respiratory Society (ERS) suggest a combination of nasal nitric oxide (nNO) and HSVMA as first-68 
line diagnostics1,7,9,10. HSVMA and nNO are also the most cost-effective options in identifying a 69 
patient with PCD11. However, even if genetic testing were included in the diagnostics, it must be 70 
kept in mind that there is currently no stand-alone test or combination of tests that can exclude 71 
PCD with 100% certainty8,9,10.  72 
 73 
Out of the available diagnostic options, HSVMA is the only test that focuses on living, cilia-coated 74 
respiratory cells and evaluates ciliary beat pattern (CBP) and ciliary beat frequency (CBF). In 75 
contrast to TEM, the results of HSVMA are available quickly, usually on the day of testing, 76 
whereas results of TEM might arrive months after the specimen has been taken. HSVMA can be 77 
applied for all age groups, whereas nNO demands a high degree of compliance; attempts to use 78 
it under the age of 5 years are usually unsuccessful10. In experienced hands, HSVMA has excellent 79 
sensitivity and specificity to diagnose PCD at 100% and 96%, respectively12. 80 
 81 
This paper describes the step-by-step procedure to perform HSVMA, including the harvesting of 82 
cilia-coated respiratory cells from the inferior turbinate of the nose, the preservation of 83 
harvested cells in a cell-nourishing medium for transport to the site of investigation, and the 84 
process of microscopic video analysis to determine CBF and CBP. Additionally, some video clips 85 
from patients are shown, comparing normal CBPs and CBFs with abnormal cilia function (Video 86 
3, Video 4, Video 5, Video 6, Video 7, and Video 8). 87 
 88 



   

PROTOCOL:  89 
 90 
1. Collection and transport of respiratory epithelial cells 91 
 92 
1.1. Brushing 93 
 94 
1.1.1. Before brushing, administer a two-week course of oral amoxicillin–clavulanic acid to the 95 
patient to eradicate biofilms interfering with cilia function. Ensure the antibiotic is terminated 2 96 
days before the procedure. 97 
 98 
1.1.2. To diminish an overlay of mucous material on the brushed epithelial cell strips, ask the 99 
patient to blow their nose thoroughly. Ask parents to help their small children blow their noses. 100 
 101 
1.1.3. For brushing, use an interdental brush of 0.6 mm size (see the Table of Materials). Keep 102 
the head of the patient fixed with one hand, and with the other hand, brush the inferior turbinate 103 
of both nostrils to collect sufficient epithelial cell strips.  104 
 105 
NOTE: A slight resistance is usually experienced when inserting the interdental brush deeply 106 
under the inferior turbinate. Nasal brushing is carried out by quick turning and picking for 107 
approximately 2 s. Longer and intense brushing might otherwise cause severe epithelial injury 108 
and consecutive epistaxis.  109 
 110 
1.1.4. If bronchoscopy is planned for reasons other than suspected PCD, collect samples during 111 
bronchoscopy by brushing the carina or bronchial epithelium or by biopsy13.  112 
 113 
1.1.5. Drop the harvested cell strips into a 1.5 mL microcentrifuge tube containing the cell-114 
nourishing Dulbecco´s Modified Eagle Medium (DMEM).  115 
 116 
NOTE: Epithelial cell strips usually drop off the brush more easily by tossing and turning the brush 117 
against the tube wall. 118 
 119 
1.1.6. Close the lid of the microcentrifuge tube and hold the tube against a light source. Shake 120 
the tube to discover harvested cell strips and conglomerates.  121 
 122 
1.2. Transport of the specimen 123 
 124 
1.2.1. Place the microcentrifuge tubes in a tightly closed polystyrene box and ensure that the 125 
lid of the tubes is properly closed and the tubes are fixed inside the box.  126 
 127 
1.2.2. Add a cold pack; however, avoid freezing the specimen.  128 
 129 
NOTE: The optimal temperature for preserving the specimen before investigation is 130 
approximately 4–8 °C (39.2–46.4 °F). 131 
 132 



   

1.2.3. Ensure that the preserved samples are analyzed during the next 24 h.  133 
 134 
NOTE: In these experiments, the mean time between brushings and HSVMA was 3 h. 135 
 136 
2. High-speed video microscopy analysis (HSVMA) 137 
 138 
2.1. Video microscopy of the samples 139 
 140 
2.1.1. After receiving the microcentrifuge tubes containing the samples, warm them up to 37 °C 141 
(98.6 °F) to mimic an optimal, in vivo-like environment. 142 
 143 
2.1.2. If the microscope is equipped with a heating unit, place the tubes under the hood and 144 
warm them up there. Alternatively, use an incubator to warm up the samples.  145 
 146 
2.1.3. Start the camera and the software of the video unit on the PC. 147 
 148 
2.1.4. Using a pipette, take a small amount of the sample and place two drops into a cuvette or 149 
glass-bottom dish (see the Table of Materials). Cover the cuvette or dish with a lid and place it 150 
under the microscope.  151 
 152 
2.1.5. For evaluation of the samples, use a differential-interference microscope equipped with 153 
a cold-light source and a video camera able to record at high speed (at least 200 frames/s). Use 154 
an oil immersion lens with a 100x magnification and put a drop of immersion oil onto the surface 155 
of the optic.  156 
  157 
NOTE: Microscopes with a lens approaching from below are recommended. 158 
 159 
2.1.6. Approach the bottom of the dish with the microscope lens and search for cell clusters 160 
without red blood cells and with low mucus content. After finding a representative region of 161 
interest (ROI), focus on one specific group of beating cilia with the largest cilia movements and 162 
record a video sequence. Record cells with beating cilia sidewise and from above. After that, 163 
search for another representative cluster of cells and repeat the recording.  164 
 165 
NOTE: The cilia coated cells must be investigated under a 1,000x magnification, and beating cilia 166 
should be recorded with a digital high-speed video (DHSV) camera set on a frame rate of 200/s 167 
or more (256/s in this protocol). Because the data obtained from the recorded video clips 168 
requires a lot of space on the hard drive, an external SSD hard drive is recommended. 169 
 170 
2.2. Analysis of video sequences 171 
 172 
2.2.1. To determine CBF and CBP, play the video clips back frame by frame. 173 
  174 
2.2.2. To determine CBF, set the frame rate into slow motion with 15 frames/s and count 10 175 
consecutive beats.  176 



   

 177 
2.2.3. Record the number of frames passing by during a single cycle of 10 beats and insert the 178 
result into Eq (1). Determine the frequency by calculating the mean of all recorded cilia beat 179 
cycles and compare the result with the reference values for age (see Table 1)14. 180 
 181 
𝐻𝑧 =  10/(𝑋/256)    (1) 182 
 183 
Where X is the number of frames passing by during a cycle of 10 beats.  184 
 185 
2.2.4. For evaluating CBP, watch if the movement of the beating cilia is in full range (see Figure 186 
1) and synchronized. Have two independent operators evaluate the CBP to prevent selection 187 
bias. 188 
 189 
2.2.5. Report the results of the HSVMA analysis to be either compatible, unlikely, or inconclusive 190 
with PCD. 191 
 192 
REPRESENTATIVE RESULTS:  193 
 194 
Video 1 and Video 2 show a normal control where CBF and CBP are in the normal range (see 195 
Figure 1). Video 3, Video 4, Video 5, and Video 6 represent two cases of PCD patients with a 196 
homozygous mutation in the DNAH11 gene (c.2341G > A; p. Glu781Lys)3. These representative 197 
videos were chosen because phenotypes of mutations in the DNAH11 gene are noteworthy 198 
because they cannot be diagnosed by TEM due to the absence of morphological changes3–5.  199 
 200 
Video 3 shows the classic stiff, minimally moving pattern of ciliary beat compatible with PCD. The 201 
normal, full-range pattern shown in Video 1 and Video 2 is absent (see Figure 1). Video 4 shows 202 
a sequence of the same patient (Video 3) but recorded from above. Video 5 and Video 6 show a 203 
hyperkinetic, ineffective phenotype of beating cilia also compatible with PCD in patients carrying 204 
a mutation in the DNAH11 gene. The CBF was so high that it could not be determined. Video 6 is 205 
from the same patient (Video 5) but recorded from above. The CBP is abnormal and does not 206 
show the full-range movement of healthy cilia (see Figure 1, Video 1, and Video 2). 207 
 208 
Video 7 and Video 8 show a pathological CBF and CBP sidewise (Video 7) and from above (Video 209 
8) from a patient who has been suffering from recurrent, upper-airway infections; however, PCD 210 
could not be established. At 10 Hz, the CBF remains slightly under the normal range for age (see 211 
Table 1), and the CBP is abnormal compared to the normal CBP of the control video sequence 212 
(Video 1, Video 2, and Figure 1), showing a rotatory ciliary movement. The case is inconclusive, 213 
and further diagnostic measures, including nNO, TEM, and genetic testing, must be considered, 214 
although the clinical picture of the patient is suggestive of PCD.  215 
 216 
If the brushing procedure is carried out rigorously, the epithelium of the nose might be injured, 217 
and epistaxis could occur. If too many blood cells are in the specimen, HSVMA analysis cannot be 218 
performed because ciliated epithelial cells are covered with a coating of red blood cells, as can 219 
be seen in Video 9. 220 



   

 221 
FIGURE AND TABLE LEGENDS:  222 
 223 
Figure 1: Normal ciliary stroke. Ciliary stroke of a healthy individual showing the entire range of 224 
a normal forward- and recovery stroke. The effective stroke (dark blue) moves from the left to 225 
the right in a whiplash manner. The recovery stroke (light blue) moves the cilia back from right 226 
to left into the starting position. 227 
 228 
Video 1: Normal cilia motion of a patient without PCD, seen sidewise. Abbreviation: PCD = 229 
Primary Ciliary Dyskinesia. Scale bar = 5 µm. 230 
 231 
Video 2: Normal cilia motion of a patient without PCD, from above. Abbreviation: PCD = Primary 232 
Ciliary Dyskinesia. Scale bar = 5 µm. 233 
 234 
Video 3: Video sequence sidewise of a PCD patient with a mutation in the DNAH11 gene 235 
(c.2341G > A p. Glu781Lys)3, showing stiff, almost immotile cilia. Abbreviations: PCD = Primary 236 
Ciliary Dyskinesia; DNAH11 = dynein arm heavy chain 11 gene. Scale bar = 5 µm 237 
 238 
Video 4: Video sequence from the same PCD patient (Video 3) recorded from above. 239 
Abbreviation: PCD = Primary Ciliary Dyskinesia. Scale bar = 5 µm 240 
 241 
Video 5: Video sequence sidewise of a PCD patient showing a totally different, hyperkinetic but 242 
inefficient pattern of beating cilia. The patient was a member of the same family and with the 243 
same mutation as the patient in Video 3 and Video 4. Abbreviation: PCD = Primary Ciliary 244 
Dyskinesia.  Scale bar = 5 µm. 245 
 246 
Video 6: Video sequence from the same PCD patient (Video 5), recorded from above. 247 
Abbreviation: PCD = Primary Ciliary Dyskinesia. Scale bar = 5 µm. 248 
 249 
Video 7: Video sequence of abnormal, uncoordinated, and slow cilia motion in a PCD patient 250 
suffering from recurrent upper-airway infection. Abbreviation: PCD = Primary Ciliary Dyskinesia. 251 
Scale bar = 5 µm. 252 
 253 
Video 8: Video sequence from the same PCD patient (Video 7) from above. Abbreviation: PCD 254 
= Primary Ciliary Dyskinesia.  Scale bar = 5 µm. 255 
 256 
Video 9: Video sequence of a specimen, which could not be analyzed due to careless brushing, 257 
leading to epistaxis and superimposition of red blood cells. Scale bar = 5 µm. 258 
 259 
Table 1: Normal beat frequencies. Normal, age-related, ciliary beat frequency. This table was 260 
modified from Chilvers et al.14. *Mean ciliary beat frequency, SD, and 5th and 95th percentiles. 261 
†Mean (5th, 95th percentiles) percentage of edges exhibiting areas of ciliary dyskinesia. 262 
Abbreviation: SD = standard deviation.  263 
 264 



   

DISCUSSION:  265 
Here, the diagnostic process for PCD using HSVMA is described and discussed in the light of first-266 
line diagnostics. Despite being relatively easy to establish, cost-effective11, and a reliable method 267 
in experienced hands12, HSVMA is not a diagnostic measure without pitfalls. Abnormal CBF and 268 
CBP may be due to secondary infection, leading to inflammation of the broncho-respiratory 269 
epithelia15, and for the same reason, smoking individuals may have abnormal beat 270 
frequencies16,17. In addition, cystic fibrosis should be excluded before establishing the diagnosis 271 
of PCD. Before the analysis of a patient sample is judged to be compatible with PCD, abnormal 272 
results should be confirmed with two independently collected samples, requiring new brushings 273 
and a reanalysis of CBF and CBP. This might be challenging, especially with children. Therefore, 274 
some investigators recommend culturing epithelial cells obtained from the first brushing session 275 
to avoid repeat brushings9,15.  276 
 277 
Although bronchoscopy is not the preferred choice for diagnosing PCD, if it is carried out for 278 
reasons other than PCD, samples can be alternatively obtained under anesthesia by brushing the 279 
bronchial epithelium or taking a biopsy13. Secondary infection may alter ciliary movement and 280 
beat frequency. To diminish these unwanted effects, it is recommended to administer a two-281 
week course with a broad-spectrum oral antibiotic such as amoxicillin plus clavulanic acid or a 282 
cephalosporin to target common respiratory pathogens. Despite having substantial benefits in 283 
the treatment of PCD18, macrolides probably should be avoided for this purpose because they 284 
might alter CBF due to a prokinetic effect on beating cilia19. Further, regardless of the lack of 285 
evidence in the literature, antibiotics should be stopped at least 48 h before brushing and analysis 286 
to avoid any impact on CBF. No substantial impact of antibiotics could be observed on CBF or CBP 287 
in experiments where samples obtained by brushing or biopsy were cultivated in liquids 288 
containing antibiotics20–22.  289 
 290 
Although HSVMA is considered the most accurate and reproducible technique in Europe, it bears 291 
the risk of operator error due to selection bias and the problems mentioned above15. Therefore, 292 
several groups have recently developed software solutions to automate analysis from digital 293 
images to overcome this problem23–25. Because this automation is still under development, the 294 
authors use two independent, expert operators to analyze CBF and CBP manually, achieving 295 
excellent and reliable results.  296 
 297 
The representative results of this paper show video clips from patients with a mutation in the 298 
DNAH11 gene. Mutations in this gene show a normal ultrastructure, and patients with this 299 
mutation can therefore not be diagnosed by TEM. The normal ultrastructure of cilia 300 
demonstrated by TEM can be seen in up to 30% of all PCD cases6. Additionally, nNO might be 301 
normal with the hyperkinetic phenotype of this mutation (Video 5 and Video 6), making HSVMA, 302 
together with genetic testing, the only reliable diagnostic tool3,8. In addition, pediatric patients 303 
constitute the primary target for PCD diagnostics. In many cases, symptoms suggestive of PCD 304 
can be observed in the neonatal period26, rendering HSVMA a quick, first-line diagnostic measure 305 
preferable to other alternatives.  306 
 307 
In a North American study, nNO has been examined and proposed as a first-line diagnostic 308 



   

screening test for PCD27. Although specificity and sensitivity were reported to be close to those 309 
of HSVMA (0.98/0.79), it must be noted that the youngest patient was 5.1 years old, and the 310 
mean age was even much higher. It must also be mentioned that several investigators have 311 
reported normal nNO values associated with PCD15. Therefore, while an improvement in the 312 
technical equipment to perform nNO in preschool-age subjects is still in progress, HSVMA 313 
remains the only reliable first-line diagnostic for PCD, and normal results rule out PCD with almost 314 
100% certainty in all age groups. 315 
 316 
However, to become an expert for diagnosing PCD using HSVMA, a high throughput of normal 317 
and pathologic samples is needed, which demands proper training and specialist equipment. This 318 
should be mandatory and will be rewarding for a clinic dealing with diagnostics and treatment of 319 
rare lung diseases. For any reason, if the processing of the samples constitutes an obstacle, a 320 
center with specialized personnel in PCD diagnostics using HSVMA can be used instead. In such 321 
cases, the treating physician can perform the brushing, and the sample can be sent over to the 322 
diagnosing center. In general, the samples should be analyzed as soon as possible after brushing. 323 
However, in our experience, if the samples are processed properly (see protocol step 1.2), 324 
epithelial cells remain vital and ready for analysis for at least 24 h after brushing20,22. Most centers 325 
that perform HSVMA themselves usually carry out the analysis within 4 h of sampling15. In any 326 
case, and before final analysis, the samples should be warmed up to body temperature to mimic 327 
optimal, in vivo conditions.  328 
 329 
As described earlier in this paper, there are pitfalls in the diagnostic process of PCD using HSVMA, 330 
especially with inconclusive cases such as those that have been described in the representative 331 
results section (Video 7 and Video 8). For the final diagnosis of PCD, guidelines are available that 332 
show that sometimes a battery of different diagnostic measures is necessary9,10,15, and most 333 
importantly, that there is no single test or combination of tests that diagnose PCD with 100% 334 
certainty. Nevertheless, every unit involved in the diagnosis and treatment of PCD should be 335 
encouraged to use HSVMA as a tool in first-line diagnostics.   336 
 337 
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  Ciliary beat frequency (Hz)*

Age (years) Mean SD
5th, 95th 

centiles

Dyskinetically 

beating edges (%) †

0-6 12.9 2.3 10.0, 18.1 10.4 (0.0, 36.8)

7-12 12.9 1.4 10.9, 15.0 9.1 (0.0, 40.3)

13-18 12.6 1.7 10.9, 15.3 24.8 (0.0, 56.9)

≥19 11.5 2.8 7.7, 15.5 5.8 (0.0, 24.3)

*Mean ciliary beat frequency, standard deviation (SD), and 5th and 95th percentiles

†Mean (5th, 95th percentiles) percentage of edges exhibiting areas of ciliary dyskinesia
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Rebuttal letter 2, JOVE 

 

Reviewer #2: 

Minor Concerns: 

Authors answered my previous comments. I now only suggest to add the comments and 

references about antibiotic use in their discussion. I think it is important information to take 

into consideration. 

 

We thank the reviewer for his suggestion and have added in the discussion section a few 

sentences (lines 284-288) on the use of antibiotics and accordingly added the necessary 

references. 
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