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Abstract 27 

Primary ciliary dyskinesia (PCD) is an inherited disorder of the motile cilia. Early accurate diagnosis is 28 
important to help prevent lung damage in childhood and to preserve lung function. Confirmation of a 29 
diagnosis traditionally relied on assessment of ciliary ultrastructure by transmission electron 30 
microscopy (TEM), however >50 known PCD genes has made the identification of bi-allelic mutations 31 
a viable alternative to confirm diagnosis. TEM and genotyping lack sensitivity and research to improve 32 
accuracy of both is required. TEM can be challenging when a subtle or partial ciliary defect is present 33 
or affected cilia structures are difficult to identify due to poor contrast. Here we demonstrate software 34 
to enhance TEM ciliary images and reduce background by averaging ciliary features. This includes an 35 
option to classify features into groups based on their appearance, to generation multiple averages 36 
when a nonhomogeneous abnormality is present. We validated this software on images taken from 37 
subjects with well characterised PCD caused by variants in the outer dynein arm (ODA) heavy chain 38 
gene DNAH5. Examining more difficult to diagnose cases, we detected (i) regionally restricted 39 
absence of the ODAs away from the ciliary base, in a subject carrying mutations in DNAH9; (ii) loss of 40 
the typically poorly contrasted inner dynein arms; (iii) sporadic absence of part of the central pair 41 
complex in subjects carrying mutations in HYDIN, including one case with an unverified genetic 42 
diagnosis. We show this easy to use software can assist in detailing relationships between genotype 43 
and ultrastructural phenotype, improving diagnosis of PCD.  44 
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Introduction 45 

Motile cilia are hair-like projections on the apical surface of human epithelial cells that have a classical 46 
9+2 microtubule arrangement of their core axoneme structure (Fig. 1). Respiratory motile cilia beat in 47 
a highly coordinated manner essential for the movement and clearance of mucus, bacteria and debris 48 
from the airways. Primary ciliary dyskinesia (PCD) is an inherited disorder of motile cilia that results in 49 
failure of mucus clearance, chronic lung disease, rhinosinusitis and hearing impairment, with 50 
additional organ laterality defects, subfertility and occasional hydrocephalus. The estimated 51 
prevalence is ∼1 per 10,000 births, but it is more prevalent in populations where consanguinity is 52 
common (7). An early diagnosis of PCD is vital to implement appropriate treatment with the aim to 53 
preserve lung function and prevent lung damage. Diagnosis is often complex, due to disease 54 
heterogeneity and incomplete understanding of the molecular and genetic causes of PCD. Diagnosis 55 
currently involves combinations of tests, including measurement of nasal nitric oxide (nNO) as well as 56 
acquiring cells by nasal brushings for examination of cilia motility functions using high speed video 57 
microscopy (HSVM), immunofluorescence microscopy (IF), transmission electron microscopy (TEM) 58 
and genotyping (18). Confirmation of a diagnosis traditionally relied on assessment of ciliary 59 
ultrastructure by TEM, however advancements in genetic testing has made the identification of bi-60 
allelic mutations in a known PCD gene a viable alternative to confirm diagnosis. Mutations in more 61 
than 50 different genes are known to cause PCD, defects which account for 65-75% cases. 62 
Therefore, more than a quarter of sufferers have no genetic cause yet established despite screening, 63 
which can be because they carry no detectable mutations in the known genes, or carry mutations in 64 
known genes of unknown significance or have no diagnosis with only single mono-allelic (rather than 65 
biallelic) mutations so far identified (26). In these patients, confirmation with a functional test is 66 
required.  67 

TEM diagnosis involves examining a large number (>50) of cilia to verify the frequency of particular 68 
ultrastructural defects (28). The most commonly reported PCD defect affecting patients that can be 69 
identified using this approach is the absence of outer dynein arms (ODAs) (Fig. 1). Absent ODAs are 70 
readily detected due to loss of a well contrasted (high signal to noise) structure in the TEM. The most 71 
common cause of this defect is a mutation in the DNAH5 gene that encodes a large ODA heavy chain 72 
that forms a substantial part of the ODA (20). Unfortunately, there are a range of other ciliary 73 
structures affected in PCD that are more challenging to visualise by TEM. These include inner dynein 74 
arms (IDAs) that typically have poor contrast and are often masked by the close positioning or 75 
overlapping of the radial spokes and nexin links. Also challenging to image are the central pair 76 
complex (CP) projections such as the CP C2b component HYDIN, which are small and difficult to 77 
detect due to the resolution limits of diagnostic electron microscopes (21). Furthermore, there are 78 
specific genetic defects causing PCD that are known to result in partial loss or sporadic loss of a 79 
ciliary structure. This includes mutations in the DNAH9 and DNAH11 genes which encode heavy 80 
chain subunits of the ODA, that are both localised only to a sub-region of the axoneme, the distal or 81 
proximal region, respectively. PCD-causing variants in DNAH9 and DNAH11 consequently lead to a 82 
loss of ODAs restricted to the distal (cilia tip) or proximal (cilia base) regions, as these proteins serve 83 
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complementary roles in either region (8, 12). Due to the difficulty of detecting the presence or 84 
absence of some ciliary structures, many patients end up having multiple nasal brushings, leading to 85 
delayed diagnosis. Approximately 30% of patients are considered to have a normal ciliary 86 
ultrastructure after TEM analysis (14). Subtle defects, e.g. HYDIN which have been missed, are likely 87 
to account for a number of these cases. 88 

Recently, electron tomography and 3D ciliary averaging have been used to successfully identify 89 
subtle cilia defects in samples previously considered to have normal ultrastructure. However this is a 90 
time consuming, expensive technique requiring specialist tools and knowledge (4, 8, 12, 17, 27). To 91 
address this clinical need to improve the detection of subtle or partial structural defects in cilia of 92 
patients that are likely to have PCD, we have developed PCD detect, a package of programs (toolkit) 93 
that allows the selection and averaging of ciliary features (microtubular doublets (MTDs) and CPs) 94 
from TEM images. This assists in removing background while enhancing signal, allowing ciliary 95 
structures that are critical for motility to be better structurally resolved and evaluated. Of importance 96 
for some PCD cases where there is partial or sporadic loss of a ciliary structure, and/or genetic 97 
variants identified that are of uncertain clinical significance, the image classification tool has been 98 
developed to provide multiple (class) averaged outputs to better study and improve detection of these 99 
defects.  100 

 101 

Materials and methods 102 

Ethical approval 103 

The study was approved by the ethics review board of the Institute of Child Health/Great Ormond 104 
Street Hospital, London (UK) (08/H0713/82). All subjects gave informed signed consent for genetic 105 
testing and use of surplus diagnostic samples for development of new diagnostic tools. 106 

 107 

Preparation of nasal brushings for electron microscopy analysis 108 

Respiratory epithelial cells were obtained from subjects’ nasal turbinate using 3-mm bronchial 109 
cytology brushes and placing the biopsy into media 199 (Thermo Fisher Scientific). Each biopsy was 110 
fixed and embedded following the protocol outlined in reference (24). In brief, an equal volume of 111 
2.5% glutaraldehyde in 0.05M sodium cacodylate buffer pH 7.4 was added to the solution containing 112 
the biopsies in 199 media and left overnight or longer (up to 2 weeks) at 4°C. The biopsies were 113 
incubated in 1% osmium tetroxide in 0.05M sodium cacodylate buffer pH 7.4 for 1 hour before 114 
embedding in 2% agar aqueous solution. The samples were then dehydrated and infused with 115 
araldite using a Lynx Microscopy Tissue Processor. This involved incubating in increasing 116 
concentrations of methanol (70%, 90% and 100%) followed by propylene oxide, mixtures of propylene 117 
oxide:araldite (1:1 and 1:3 respectively) and araldite. Finally, the samples were embedded in araldite 118 
and incubated at 65°C for 72 hrs. 90nm sections from archived araldite-embedded nasal brushings 119 
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were cut onto electron microscopy grids and stained using 2% methanolic uranyl acetate for 7 120 
minutes and Reynolds lead citrate solution for 5 minutes. The sections were viewed on a JEOL 1400+ 121 
TEM and when needed the stage was tilted to provide ciliary cross-sections without obliqueness. 122 
Images were acquired at 40,000x magnification using an AMT 16X CCD camera.  123 

 124 

Image criteria 125 

For optimal analysis of cilia using the PCD detect toolkit, it is important to use clear images (strong 126 
signal to background), without stain artefacts, taken at a single magnification, also to include non-127 
oblique cross sections taken at the focus where it is possible to see the most ultrastructural detail. 128 
Demonstration images are included along with the toolbox to demonstrate the kind of images that are 129 
required. Blinded averaged images generated from control and patient cilia were examined to 130 
determine sensitivity and specificity. It is recommended to pick MTD features from at least 5 cilia 131 
cross sections (equivalent to 45 or more MTD features) from different cells for a sensitivity ≥75% and 132 
specificity of 100%. More than 10 cilia cross sections from different cells should be used in PCD 133 
detect when examining the CP (equivalent to more than 10 CP features), for a sensitivity >63% and 134 
specificity >83%. 135 

 136 

Software development 137 

The toolkit includes programs to extract cilia from TEM images (Cilia Crop), perform averaging of cilia 138 
structures (Cilia Averaging), group and generate class averages (Cilia Classification) and to overlay 139 
results for analysis (Cilia Analysis). All programs were written in Matlab (Mathworks).  140 

Cilia Crop: This is a tool to select multiple regions of interest from a larger image. (An example is 141 
shown in Fig. S1 A). 142 

Cilia Averaging: This tool extracts manually chosen features (some of these are shown in Fig. S2) and 143 
performs a rotational and translational search (see Fig. S1 B). By calculating the cross-correlation, the 144 
best alignment of features is determined. The outputs from this tool include two averaged images 145 
comprising (i) all features averaged together (ii) only features best matching the reference based on 146 
the cross-correlation cut-off value. The latter average outputs are used in this study, as these should 147 
contain less background by not including poor quality features (high background, artefacts, tilted or 148 
distorted). All averaged images generated include a corresponding colour contour map where dark 149 
blue indicates an electron dense feature and yellow indicates the absence of a feature. When using a 150 
reference feature (rather than reference-free), it is important to select a well orientated (non-oblique) 151 
feature (MTD or CP) that has good contrast and no stain artefacts.  152 

Cilia Classification: The classification tool (Fig. S3 A) was developed to allow two methods of 153 
grouping features based on their similarity (image classification) as determined by (i) principle 154 
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component analysis (PCA) and (ii) hierarchical classification. When using PCA, histograms of the first 155 
six coefficients are generated and the plots that indicate more than one feature class (multiple peaks) 156 
are selected. Using these, k-means clustering then separates the features into two or more classes, 157 
which is followed by averaging them together to generate the separate class averages. The 158 
hierarchical classification approach was designed to analyse the feature alignment and similarity, 159 
using cross-correlation results generated previously through the averaging tool. Using this data, the 160 
first class is generated by averaging features aligned to the reference feature (has the most matching 161 
other features based on cross-correlation). Subsequent classes are generated by averaging to the 162 
reference features that are most dissimilar to the reference features used to generate the first class. 163 
The hierarchical classification approach allows a feature to be included in more than one class if there 164 
is enough similarity (based on cross-correlation) to more than one of the reference features used to 165 
generate the classes. This is to allow any features that cannot be easily classed to contribute towards 166 
multiple class averages. It is important to note that class averages can be generated when there is 167 
sporadic loss of structure(s), but class averages can also be given by other types of variation between 168 
groups of features, such as tilt (obliqueness). In this study, when using PCA (Fig. S4), the number of 169 
classes was set to 2 and the PCA and k-means calculated from an averaged version of each feature 170 
(each feature acts as reference and all other features are averaged to it). By picking the plots that 171 
indicate multiple classes (more than one peak), k-means are calculated to group features before 172 
generating class averages. 173 

Cilia Analysis: This tool allows the visualisation and comparison of averaged features (Fig. S3B). By 174 
opening two features, an overlay on both is provided. The features can be aligned automatically or 175 
manually, to allow similarities and differences in the structures to be assessed (Fig. S3 B2-4). 176 

 177 

Toolkit validation 178 

Image acquisition 179 

The toolkit was initially tested using artificially generated images with added noise (see Fig. S5) 180 
before using ciliary images taken from patients with PCD. Details of the PCD subjects in this study are 181 
provided in Table 1.  182 

Input into PCD Detect 183 

For the validation, the four programs were run sequentially. In cilia crop, cropping size is selected by 184 
boxing an entire cross-sectional cilium, with cilia cropped out into a sub-directory by pressing the 185 
Select ROI (region of interest) button and selecting the centre of each cilium within an image. The 186 
folder containing the cropped images is then opened in the Cilia Averaging tool (Fig. S1 B). Each 187 
image is checked manually to make sure all cilia are orientated in the same direction by flipping 188 
images either horizontally or vertically. A box is drawn around the feature of interest to provide its size 189 
before picking the features to be averaged together. For the validation, the feature of interest was 190 
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either the MTD (DNAH5, DNAH9, CCDC103 or CCDC40 cases) or the CP (HYDIN cases). Reference 191 
free averaging was used, as well as a search range of 360° with increments of 1° and a translational 192 
search in X and Y of 10 pixels with an increment size of 1 pixel.  193 

After the Cilia Averaging tool performs the rotational and translational search aligning the features, an 194 
average feature is generated. The data is opened and further processed within the Cilia Classification 195 
tool (Fig. S3 A), using both the PCA and hierarchy image classification schemes to group features 196 
based on their structure and generate class averages. When using the hierarchy classification, a 197 
cross-correlation cut-off of 0.6 (any features that have a cross-correlation when compared to the 198 
reference below this value are not included in the class average) and class cut off of 10% (if a 199 
reference is found to have less than 10% of the total number of features matching it, no class average 200 
is generated) were set. Finally, the analysis tool is used to overlay features between classes as well 201 
as between PCD cases and control images. A workflow of PCD Detect is shown in Fig 2. 202 

 203 

Results  204 

Averaged MTDs show complete or sporadic absence of the ODAs in subjects with a 205 
pathogenic variant in DNAH5 206 

The utility of PCD Detect was first evaluated in the analysis of nasal epithelial cilia structures from 207 
PCD patients carrying causal DNAH5 mutations, already established to have clear-cut defects in 208 
conventional TEM analysis, involving loss of the ciliary ODAs. TEM images of transverse orientation 209 
cilia were acquired from diagnostic nasal brushing samples taken from control subjects as well as the 210 
DNAH5 PCD subjects (Fig. 3 A, B and Table 1). Using the image averaging tool, the MTDs were 211 
selected and reference-free alignment and averaging was performed. The averaged MTD generated 212 
from a control and three DNAH5 subjects are shown in Fig. 3 C, D. Averages from further controls are 213 
given in Fig S6. In all three DNAH5 cases (DNAH5 [1-3]), there is a clearly visible absence of the 214 
ODA, verifying the ability of PCD Detect to identify PCD. Interestingly in two of these cases, DNAH5 215 
[1] and DNAH5 [2], a small visible structure (white filled arrowheads in Fig. 3 D) can be seen, 216 
indicating that part of the ODA remains, whilst ODA are completely absent in the DNAH5 [3] case 217 
(denoted by the white outline arrowheads in Fig. 3 D). Of these cases, DNAH5 [1] carries two stop-218 
gain mutations (homozygosity confirmed by parental segregation analysis), while in DNAH5 [2] and 219 
the previously reported case DNAH5 [3] (11) the genetic diagnosis is not complete since only one 220 
DNAH5 variant has so far been identified in each, although it is a highly implicated rare stop-gain 221 
allele in DNAH5 [3]; DNAH5 [2] carries a single uncharacterised missense mutation (Table 1). 222 

A further subject DNAH5 [4], with an uncharacterised missense mutation (p.Thr3410Met) plus a 223 
previously reported DNAH5 stop-gain mutation p.Arg1761* (10), was examined using the 224 
classification tool to group MTDs and form class averages. Many of the ciliary cross sections look 225 
normal by TEM before using the enhancement tools (Fig. 4 B). Class averages generated using the 226 
hierarchy classification scheme are shown in Fig. 4 C, D and plots from the hierarchy classification as 227 
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well as the PCA classification results are shown in Fig. S4. When using this tool, subject DNAH5 [4] 228 
with the combined nonsense and missense mutation (Fig. 4 C), had two visibly different MTD classes, 229 
with and without the ODA. This reflects a sporadic absence of the ODAs that was not found in the 230 
other three DNAH5 cases, as all classes generated had absent ODA (results for DNAH5 [1] shown in 231 
Fig. 4 D, E and other cases not shown). 232 

 233 

Multiple MTD classes generated from a subject with pathogenic variants in DNAH9 due to loss 234 
of the ODA at the distal region of the cilia 235 

To further test the classification tool, we examined ciliary images from a subject that carried a 236 
homozygous proven-pathogenic variant in DNAH9 (p.Asp4123Asn) (12) (Table 1). DNAH9 protein is 237 
a component only of the ODA in the distal cilium, not the proximal region (determining these regions 238 
is shown in Fig. 5 A) and it is known that DNAH9 mutations cause a defect where the ODA are only 239 
absent in the distal region of the ciliary axoneme (12, 13). Images were acquired in both the proximal 240 
(Fig. 5 B) and distal regions (Fig. 5 C) of the ciliary axoneme. By averaging the MTDs from these 241 
images and using hierarchy classification, two distinct classes were generated when compared to 242 
control cilia (Fig. 5 D, E). When separating the ciliary images into two groups depending on the 243 
region, the classification results in single distinct averaged structures for the distal and proximal 244 
regions, indicating a clear structural difference (Fig. 5 F, G). Images at the proximal region of the cilia 245 
resulted in an averaged structure where the ODA is present, whereas the distal ciliary images 246 
resulted in an averaged structure showing absence of the ODA. 247 

 248 

The absence of IDAs can be detected in cases with pathogenic variants in CCDC40 and 249 
CCDC103 250 

As the absence of IDAs can be difficult to detect by TEM, we determined whether averaging MTDs 251 
was able to enhance this structure. We examined cilia from subjects with known pathogenic variants 252 
in CCDC40 (subject homozygous for the splice site mutation c.2712-1G>T) (2) or CCDC103 (subject 253 
homozygous for the well-studied missense mutation p.His154Pro) (30) and compared them against a 254 
control (Table 1, Fig. 6 A-C). Mutations in both these genes confer a loss of IDAs in the cilia of 255 
affected patients. When acquiring images, as the CCDC40 variant also results (as expected (2)) in a 256 
proportion of cilia with disarrangement MTDs, only normal 9+2 arranged cilia were selected for IDA 257 
imaging. When comparing ciliary cross-section images from both CCDC40 and CCDC103 variants 258 
against a control, it was clear in conventional TEM that IDA loss, in addition to their being of poor 259 
contrast, can be masked by the nearby or overlapping presence of the electron dense radial spoke 260 
and nexin structures as well as remnants of some IDA isoforms (Fig. 6 A-C). By averaging the MTDs 261 
together using PCD Detect, it became apparent that the IDAs were absent in the CCDC40 and less 262 
dense in the CCDC103 variant cases when compared to a control (Fig. 6 D-F). 263 
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 264 

Confirmation of HYDIN mutations by visualisation of the central pair component C2b  265 

To examine the absence of the C2b component that arises due to pathogenic variants in HYDIN, cilia 266 
from three affected subjects (cases HYDIN [1-3]) carrying pathogenic variants and a subject with 267 
variants of unknown significance in HYDIN were compared to control cilia (Fig. 7 A, B). HYDIN [1] and 268 
[2] carry compound heterozygous variants of pathogenic consequence while HYDIN [3] carries only a 269 
single variant but one that was previously published (6). Subject HYDIN [4] is also less well proven for 270 
genetic diagnosis, carrying two missense HYDIN variants that have not been previously reported or 271 
functionally tested for their pathogenicity (Table 1). The CP complex from the ciliary images were 272 
averaged together in each case and the hierarchy classification system used to generate class 273 
averages (Fig. 7 C-E). In the HYDIN mutation subjects, two main class averages were generated from 274 
the classification tool, indicating a partial defect in the C2b component, where this component is 275 
present in some cilia and absent in others (white filled arrowheads in Fig. 7 D, E). As the subjects with 276 
predicted null-effect causal variants (HYDIN [1-3]) generated the same result as the missense 277 
mutation-carrying subject (HYDIN [4]), we could confirm that all these HYDIN [4] variants are highly 278 
likely to be pathogenic in effect. To highlight the absence of the C2b component in the HYDIN [4] 279 
subject, we overlaid the averaged CP complex on top of the control using the ‘cilia analysis’ tool 280 
(white outlined arrowhead in Fig. 7 E). While examining HYDIN [4], further cases were assessed that 281 
either had previous diagnostic tests (semi-circling patches of cilia visualised by HSVM) indicating a 282 
potential HYDIN defect (PHD) or had variants of unknown significance (VUS) in HYDIN (Table S1). 283 
These individuals were all found to have a C2b component present in the averaged images generated 284 
(Fig. S7), suggesting that HYDIN variants are unlikely to be their disease cause. 285 

 286 

Discussion 287 

To examine important structures in respiratory cilia that can be affected in PCD and other conditions 288 
affecting the airway motile cilia (19), we have developed and implemented PCD Detect, a user-289 
friendly package of tools for image averaging and classification. Due to the uniquely conserved 290 
structure and abundance of motile cilia in patient respiratory epithelial samples, these are ideal 291 
structures for this type of image analysis. By averaging some of the structures that are repeated 292 
within cilia cross-sections, background noise can be reduced and the signal and image resolution 293 
enhanced. As some PCD defects are well known to be difficult to detect from TEM images due to their 294 
small size as well as lack of contrast or resolution, the averaging technique this package employs can 295 
provide an additional approach to assist in the diagnosis of PCD in problematic cases. It has become 296 
increasingly recognised that diagnosis of PCD by TEM can be further complicated by the partial or 297 
sporadic absence of a ciliary structure (8, 12, 21, 29, 34). The classification tool can assist in these 298 
cases by grouping cilia axonemal structures (classes) based on their similarities. 299 
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The first samples we used to test PCD Detect were from subjects with pathogenic variants in DNAH5, 300 
chosen because these typically present with a clear absence of the ODA. When averaging the first 301 
three subjects’ MTDs, the ODAs were evidently absent, but in some cases a remnant of the ODA was 302 
observed. The ODA is attached to the MTD via a docking complex (15, 31). Depending on the type of 303 
variant in DNAH5, PCD-causing mutations may result in the loss of a portion or the entire docking 304 
complex, which may explain the remaining structure that is present in some cases (32).  305 

When examining the MTDs in a subject (DNAH5 [4]) carrying a missense variant in DNAH5 that is 306 
uncharacterised for its likely pathogenic effect, using a combination of image averaging and 307 
classification, two classes of structure were found, with and without the ODA present. A partial loss of 308 
the ODA has been previously shown for a DNAH5 splice site mutation (16). Certain gene variants 309 
may lead to reduced synthesis of DNAH5 or of DNAH5 protein that is transported and integrated into 310 
the cilium but lacks stability, leading to loss of a portion of the ODAs. Our averaging and classification 311 
tool allowed identification of this complex defect. The success of the average classification was further 312 
demonstrated in a subject with pathogenic variants in DNAH9 which are known to lead to a loss of 313 
ODA only in the distal region of the cilium, whereas the proximal cilium displayed a normal 314 
ultrastructure due to the compensating presence of DNAH11 (8, 12). When using all images acquired 315 
from a DNAH9 PCD subject for the averaging and classification scheme, two class averages were 316 
generated, with and without the ODA. By splitting the image input for PCD Detect into two groups, 317 
either proximal (determined by the presence of epithelial cell apical microvilli) or distal, only single 318 
averages of distinct structure were generated when using the classification tool. This shows that PCD 319 
Detect can successfully group and average similar structures from a non-homogeneous dataset. The 320 
separation of images into the distal and proximal was done manually, but we aim to develop a system 321 
that can detect microvilli and segregate images automatically, which can be added to PCD Detect in 322 
the future. 323 

The IDAs are typically difficult to detect in conventional ciliary TEM, linked to the fact that within the 324 
96nm axonemal repeat there are four overlapping homologous double headed ODAs, whereas there 325 
are six single-headed and one double-headed IDA of varying morphology (17). This results in a lower 326 
contrast of the IDA than the ODA. Methods to enhance the contrast and reduce background can be 327 
highly beneficial in TEM analysis when needing to determine if the IDAs are present or absent. The 328 
cilia from subjects carrying pathogenic variants in CCDC40 and CCDC103 were both examined, as 329 
mutations in both these genes give rise to loss of the IDAs, with the distinction that CCDC40 330 
mutations are also linked to microtubular disorganisation and CCDC103 mutations linked to ODA loss 331 
(3, 23). The averaged MTDs generated successfully showed a clear absence of the IDA for both 332 
mutation types. 333 

To examine CP complex defects in PCD, the cilia of three subjects’ that carry pathogenic variants in 334 
HYDIN were examined as well as cilia from a number of other subjects with less well confirmed 335 
genetic results suggestive of HYDIN defects or no genetic tests yet performed. Using the averaging 336 
and classification scheme, all the three well genetically defined cases were found to have two class 337 
averages, as well as one individual (HYDIN [4]) carrying biallelic VUS, all of these cases showing the 338 
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presence and absence of the C2b projection known to be associated with pathogenic variants in 339 
HYDIN. PCD Detect was also able to confirm the presence of the C2b structure in several other 340 
analysed cases that either had suspected HYDIN defects based on previous clinical tests, or who 341 
carried other HYDIN VUS, thus excluding HYDIN defects as their disease cause. This is the first time 342 
two distinct CP structures have been shown to exist in the positively diagnosed HYDIN subjects. The 343 
finding of the same two class-averaged structures in the less genetically well-unverified HYDIN [4] 344 
confirmed the likely causal nature of their HYDIN variants, a conclusion that was supported by the 345 
subject’s history and other diagnostic results.  346 

PCD Detect is a free toolkit that has advantages over other TEM image enhancing techniques such 347 
as electron tomography as it requires less specialised knowledge, uses information from a larger 348 
number of cilia and does not require prior information about which structure is affected. It does require 349 
multiple TEM images of well orientated cilia, knowledge of how to interpret the final averaged images 350 
and it has a lower resolution and lack of 3D data that is achievable through electron tomography. This 351 
system package has built upon averaging and image enhancement methods previously developed to 352 
assist in diagnosing PCD (1, 5, 9, 22, 25).  The simple, automated angular and translational searches, 353 
cross correlation and class averaging features present advantages over previously designed 354 
averaging programs. Previous methods to enhance ciliary structures such as the IDAs have involved 355 
using the cilium’s axonemal symmetry to average MTD (9). This involves manually rotating an image 356 
of a cilium though steps of 40° and averaging each time. This is therefore limited to an average of 357 
only 9 MTD per cilium. In PCD Detect, by allowing the toolkit to extract the features, there is no limit to 358 
the number of structures that can be averaged together. The averaging scheme in PCD Detect has a 359 
user-friendly interface along with a robust feature comparison and alignment system using cross-360 
correlation, allowing the exclusion of poor-quality features or artefacts. Furthermore, the addition of a 361 
classification tool allows analysis of more complex, non-consistent PCD defects associated with non-362 
homogenous structural defects.  363 

The averaging and classification scheme available within PCD Detect is particularly well suited for 364 
difficult to diagnose cases that have atypical, poor characterised or difficult to detect ciliary structural 365 
defects. Many of these patients have previously had to have multiple nasal brushings to make a 366 
diagnosis (Table 1), as their initial TEM diagnostic results were either normal or inconclusive and only 367 
after multiple inspections was a defect detected. PCD Detect has the potential to reduce the need for 368 
additional nasal brushings, speeding up the diagnostic turnover times as well as reducing the use of 369 
diagnostic resources. 370 

In summary, PCD Detect is a toolkit to enhance diagnostic images of PCD patient cilia, through an 371 
averaging and classification scheme. It has not been designed for routine use, but instead to assess 372 
difficult cases that have had a suggestive HSVM result, TEM result or a variant of unknown 373 
significance by genetics when following the conventional diagnostic pathway. PCD Detect should be 374 
used alongside other test results as part of a multi-test diagnosis not as a standalone tool. 375 
Furthermore, it is important that high quality TEM images are used to provide reliable averaged 376 
images. We were able to show successful enhancing of structural detail in samples that have clear-377 
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cut as well as more subtle ciliary structural defects and defects affecting only a portion of the 378 
axoneme or a minor structure such as the C2b projection of the CP. PCD Detect can in this way form 379 
an associated technique that uplifts current conventional PCD genetic diagnosis. This is something 380 
that can be helpful where genetic diagnosis is more difficult, due to genetic variants of uncertain 381 
significance being identified. It has notable application for the growing number of affected individuals 382 
in whom functional tests such as conventional TEM are equivocal and they carry genetic variants that 383 
have been identified in known genes but are of less certain causality, for example if they are not 384 
previously reported or where single amino acids are affected (33), or in the specific case of HYDIN 385 
where variants are hard to call because of the HYDIN2 copy gene (21). This study shows PCD Detect 386 
has the potential to benefit global PCD diagnostic centres. Furthermore, the principles of the toolkit 387 
could also be applied to image data beyond ciliary structure analysis, including homogenous 388 
biological structures affected in diseases where diagnostics involves TEM or for investigative 389 
structural biological studies. 390 

 391 
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Figure legends 561 

Fig 1. Cilia ultrastructure. (A) Transmission electron microscopy image of a cross-section of healthy 562 
9+2 motile cilium. (B) Diagram highlighting the different components of a cilium. (C) Diagram showing 563 
the detailed structure of the central pair complex including the projections from the C1 and C2 564 
microtubule. Scale bar (A) 100 nm. 565 

Fig 2. PCD Detect workflow showing the function of the different programs in the toolkit and the order 566 
in which to use them. Information is given in regard to the type of ciliary images required for PCD 567 
Detect and more information about the DNAH5 [1], DNAH5 [4], HYDIN [2] and HYDIN [4] are provided 568 
in Fig 3,4 and 7 and table 1. 569 

Fig 3. Image averaging shows a clear absence of the ODA in subjects with pathogenic variants in 570 
DNAH5. (A) TEM image of a cilium from a control subject and (B) cilia from three unrelated subjects 571 
with pathogenic variants in DNAH5. (C) Average control MTD and (D) shows averaged MTD with 572 
absent ODAs from the subjects carrying pathogenic variants in DNAH5. The white filled arrowheads 573 
indicate MTD that have a projection emanating from the MTD, the white outlined arrowheads indicate 574 
a complete absence of the ODA. Scale bars (A – B) 100nm and (C – D) 10nm 575 

Fig 4. A subject with an atypical pathogenic variant in DNAH5 has a sporadic absence of the ODA 576 
leading to the generation of two averaged classes. (A) TEM image of a cilia from a control subject and 577 
(B) a subject with a pathogenic variant of unknown significance (VUS) in DNAH5 (compound 578 
heterozygous for a missense mutation p.Thr3410Met, plus a stop-gain mutation p.Arg1761*).  (C) 579 
Two averaged classes generated for this subject shows the presence and absence (white filled 580 
arrowheads) of the ODA. (D) In a subject with pathogenic variants in DNAH5 (homozygous for the 581 
stop-gain mutation p.Arg4429*) the class averages generated both show a loss of the ODA (white 582 
filled arrowheads), indicating complete absence of the ODAs. (E) The difference which is the 583 
subtraction of the two classes is shown in yellow (white outlined arrowhead) and is overlaid and 584 
replaces part of the class 1 MTD image (red). Scale bars (A-B) 100nm (C-E) 10nm. 585 

Fig 5. Analysis of MTDs from a subject with pathogenic variants in DNAH9 gives two class averages 586 
when using all cross-sectional images, but only single classes when splitting the images into proximal 587 
or distal ciliary regions. (A)  DNAH11 instead of DNAH9 is localised to the base of healthy cilia close 588 
to the cell surface where microvilli are observed. Defects in DNAH9 do not affect the ODA structure 589 
within this region, making cilia cross-sections surrounded by microvilli ideal internal controls when 590 
comparing to ODAs from the tip region. (B) TEM images at the proximal ciliary regions determined by 591 
the presence of microvilli (black arrows) and (C) the distal ciliary region.  (D) Average MTD from a 592 
healthy control compared to (E – G) a subject with pathogenic variants in DNAH9. (E) All cross-593 
sectional ciliary images generate two classes showing the presence and absence of the ODA (white 594 
filled arrowhead). Separating the ciliary images into two groups at the proximal and distal region of the 595 
cilium generates single classes (F) showing the presence and (G) absence of the ODA (white filled 596 
arrowhead). Scale bars (B-C) 100nm and (D-G) 10nm. 597 
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Fig 6. Feature averaging helps in the detection of the absence of the IDA in subjects that have 598 
pathogenic variants in CCDC40 and CCDC103. TEM image of a cilium from (A) a healthy control 599 
subject and subjects with CCDC40 (B) and CCDC103 (C) mutations. (D-F) Averaged MTD from the 600 
different subjects. The pathogenic variants in (E) CCDC40 and (F) CCDC103 demonstrate a clear 601 
absence of the IDA when compared to (D) the healthy control MTD. Scale bars (A-C) 100nm and (D-602 
F) 10nm 603 

Fig 7. Subjects carrying pathogenic variants in HYDIN have two distinct CP complex structures. TEM 604 
images of cilia from (A) a control heathy subject, (B) three subjects (HYDIN [1-3]) with variants in 605 
HYDIN and one subject (HYDIN [4]) that has variants of unknown significance in HYDIN. (C-E) 606 
Average CP structures from the subjects examined. (D-E) Subjects with pathogenic HYDIN variants 607 
gave two class averages, showing both a complete CP complex and with an absence of the C2b 608 
component (white filled arrowheads) when compared to (C) the healthy control subject CP. (E) An 609 
overlay of genetically undiagnosed HYDIN [4] (blue) and the healthy control subject CP (red), 610 
highlights the missing C2b component (white outlined arrowhead) in HYDIN [4] confirming the likely 611 
pathogenicity of their HYDIN variants. Scale bars (A – B) 100nm and (C – E) 20nm. 612 
 613 
  614 
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 615 

Supplementary information 616 

The PCD Detect programs have been built for both 32- and 64-bit windows machines and are include 617 

in the supplementary zip files. The toolkit includes a guide (PCD Detect Guide.pdf) within the zip files 618 

and there are also compressed test images. These files are as following; PCD Detect 32-bit part 1.zip, 619 

PCD Detect 32-bit part 2.zip, PCD Detect 64-bit.zip, Test images for PCD Detect.zip. Supplementary 620 

figures, table and programs are available to download from Figshare; 621 

https://figshare.com/s/bc7920e94ad14fba2ee8. 622 

https://doi.org/10.5522/04/12327839 623 
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Fig S1. PCD Detect Crop and Average screenshots. (A) Cilia Crop that has been designed to extract 624 
ciliary cross-sections from transmission electron microscopy images. (B) Cilia Average program used 625 
to pick cilia features (in this case MTDs) by performing a rotational and translational search before 626 
averaging them together.  627 
 628 

Fig S2. Montages of some of the features (MTDs and CPs) of subjects carrying different gene 629 
mutations (Table 1) extracted by PCD Average before performing a rotation and translation search. 630 
Scale bars (A-I) 25nm. 631 
 632 

Fig S3. Screenshots of PCD Detect Classification and Analysis programs. (A) Cilia Classification has 633 
been designed for subject samples that have a non-homogeneous defect in order to group images 634 
based on structural similarity, before generating a number of averaged outputs. (B) Analysis program 635 
designed to overlay images and highlight ciliary structural differences. The hollow arrowheads 636 
indicate the presence of the C1a and C2a CP complexes (see Fig. 1). Whereas, the white arrow 637 
shows the position of the C2b CP component that is absent in the HYDIN case (in blue) compared to 638 
the control (in red). (B1) The program interface showing an overlay of two average images of the CP, 639 
control in red and a HYDIN defect in blue. (B1-B4) Shows the different images that can be generated 640 
by the program when comparing two averaged images. (B2) A subtraction image showing the 641 
difference between the red and blue images. (B3) The subtraction image overlaid (in yellow) onto the 642 
red image (image 1). (B4) Image showing overlapping detail from the two images. 643 
 644 
Fig S4. The outputs from hierarchy and PCA classification of MTDs. (A-B) Classification outputs for a 645 
subject that has an atypical pathogenic variant in DNAH5 and (C-D) pathogenic variants in DNAH5. 646 
(A, C) Graphs generated for hierarchy classification show the feature that has been picked as the 647 
reference and the corresponding features used to generate the first class average. (B, D) Graphs of 648 
the first six PCA coefficients calculated from MTD features, as well as cluster analysis using k-means 649 
to group the features into two classes. The white filled arrowheads indicate absence of the ODA. 650 
Scale bar (B, D) 10nm. 651 
 652 

Fig S5. Test of selected images with added noise that have been put through PCD Detect.  653 

 654 

Fig S6. Examples of averaged structures generated from healthy controls. Scale bars (A) 100nm (B-655 
C) 10nm. 656 
 657 
Fig S7. Subjects predicted to have a potential HYDIN defect (PHD) were found to have present C2b 658 
CP component. (A) Cilia from a control healthy subject and (B) three subjects predicted to have a 659 
PHD. (C-D) Average CP structures from the subjects examined. When generating class averages 660 
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using the same settings only one class is given for Control [1] and PHD [1], whereas multiple classes 661 
are given for PHD [2] and PHD [3]. This is likely to be due to a larger number of features input into 662 
PCD detect for PHD [2-3] leading to the detection of minor variations of the features including image 663 
tilt. Even so, there is no visible defect of the CP when comparing to the control. The white filled 664 
arrowheads indicate the position of the C2b CP component. Scale bars (A – B) 100nm and (C – E) 665 
20nm. 666 
 667 
PCD Detect 32-bit part 1.zip. Zip file containing the first half of the 32-bit PCD Detect programs. 668 
 669 
PCD Detect 32-bit part 2.zip. Zip file containing the second half of the 32-bit PCD Detect programs. 670 
 671 
PCD Detect 64-bit.zip. Zip file containing the 64-bit PCD Detect programs. 672 
 673 
Test images for PCD Detect.zip. Zip file containing test images for PCD Detect. 674 
 675 
PCD Detect Guide.pdf Step-by-step instructions on installing and using the PCD Detect programs. 676 
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Subject Patients symptoms and 
clinical diagnostic criteria 

Average nNO 
nL min-1 (Normal 

nasal nitric 
oxide (nNO) >77 

nL min-1) 

Average 
light 

microscopy 
CBF (Hz) 

No of nasal 
brushing to 
make PCD 
diagnosis 

Genotype 

Number of ciliary 
images input into 

PCD detect to 
generate MTD 

and/or CP averages

Number of 
Features 

selected in 
PCD detect 

Features used by 
PCD detect to 
generate final 

average 

Control [1]  - - - - MTD – 13 
CP - 29 

MTD – 112 
CP – 29 

MTD - 13 
CP -15 

Control [2]  - - - - MTD – 9 
CP - 24 

MTD - 76 
CP -24 

MTD - 22 
CP – 15 

Control [3]  - - - - MTD – 11 
CP - 25 

MTD - 99 
CP - 25 

MTD - 32 
CP – 11 

DNAH5 [1] 

Situs inversus, neonatal 
respiratory distress at term 
and persistent rhinitis from 

birth 

122 0 (static) 2 
DNAH5 NM_001369.2: 

c.13285C>T (p.Arg4429*) + 
c.13285C>T (p.Arg4429*) 

MTD – 13 MTD - 117 Class 1 -14 
Class 2 -13 

DNAH5 [2] 
Persistent rhinitis and 

prolonged otorrhoea post 
grommet insertion 

19 0 (static) 2 
Unsolved - Heterozygous 
DNAH5 NM_001369.2: 

c.7477G>C (p.Glu2493Arg) 
MTD – 13 MTD - 109 MTD - 18 

DNAH5 [3] 
Situs inversus, neonatal 

respiratory distress at term 
and early onset rhinitis 

Too young 0 (static) 1 
Unsolved - Heterozygous 
DNAH5 NM_001369.2: 

c.6261T>G (p.Tyr2087*) 
MTD – 11 MTD - 91 MTD - 19 

DNAH5 [4] Rhinitis, recurrent ear 
infections and otorrhoea 775 (± 430 SEM) 6.98 (± 0.76 

SEM) 2 
DNAH5 NM_001369.2: 

c.10229C>T (p.Thr3410Met) + 
c.5281C>T (p.Arg1761*) 

MTD – 15 MTD - 135 Class 1 - 21 
Class 2 -19 

DNAH9 
Congenital heart disease, 

heterotaxy, rhinitis and 
recurrent ear infections 

306 (± 48 SEM) 9.10 (± 0.36 
SEM) 4 

DNAH9 NM_001372: 
c.12367G>A (p.Asp4123Asn) 

+ c.12367G>A 
(p.Asp4123Asn) 

All - 16 
Base -14 

Tip - 7 

All - 142 
Base -125 

Tip - 63 

All Class 1 - 35 
All Class 2 - 25 

Base - 49 
Tip - 32 

CCDC40 - - - 2 CCDC40 NM_017950.3: 
c.2712-1G>T + c.2712-1G>T MTD - 14 MTD - 119 MTD - 48 

CCDC103 
Situs inversus, neonatal 

respiratory distress, rhinitis 
and otitis media 

250 (± 50 SEM) 8.56 (± 0.58 
SEM) 4 

CCDC103 NM_001258395.1: 
c.461A>C (His154Pro) + 
c.461A>C (His154Pro) 

MTD - 14 MTD - 118 Class 1 - 46 
Class 2 - 34 

HYDIN [1] Normal situs, chronic wet 
cough, rhinitis and Otorrhoea. 30 8.94 3 

HYDIN NM_001270974.1: 
c.8487del (p.Pro2830Hisfs*23) 
+ c.8489C>A (p.Pro2830Gln) 

CP – 21 CP - 21 Class 1 – 6 
Class 2 – 3 
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Subject Patients symptoms and 
clinical diagnostic criteria 

Average nNO 
nL min-1 (Normal 
nasal nitric oxide 

(nNO) >77 nL 
min-1) 

Average 
light 

microscopy 
CBF (Hz) 

No of nasal 
brushing to 
make PCD 
diagnosis 

Genotype 

Number of ciliary 
images input into 

PCD detect to 
generate MTD 

and/or CP averages

Number of 
Features 

selected in 
PCD detect 

Features used by 
PCD detect to 
generate final 

average 

HYDIN [2] 
Neonatal respiratory distress, 

early onset rhinitis, otitis media 
and otorrhoea 

31 5.98 3 

HYDIN NM_001270974.1: 
c.13709del 

(p.Pro4570Leufs*2) + 
c.13709del 

(p.Pro4570Leufs*2) 

CP - 35 CP - 25 Class 1 - 19 
Class 2 - 4 

HYDIN [3] 

Neonatal respiratory distress, 
rhinosinusitis, poor hearing, 
immotile sperm and retinitis 

pigmentosa 

5 9.86 2 
Unsolved - Heterozygous 
HYDIN NM_001270974.1: 

c.3786–1G>T 
CP – 15 CP - 15 Class 1 - 11 

Class 2 - 6 

HYDIN [4] wet cough and intermittent 
rhinitis 442 (± 239 SEM) 9.95 (± 0.42 

SEM) 3 
HYDIN NM_001270974.1: 
c.1491G>C (p.Met497Ile) + 
c.2702G>T (p.Gly901Val) 

CP – 27 CP - 27 Class 1 - 8 
Class 2 - 6 

Table 1. Diagnostic, genetic and image process information for the subjects involved in this study. Normal nasal nitric oxide (nNO) >77 nL min-1.  
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