
 1

Persistent disruption of ciliated epithelium following paediatric lung transplantation   

 

Biju Thomas,1 Paul Aurora,2 Helen Spencer,2 Martin Elliott,2 Andrew Rutman,1 Robert A 

Hirst,1 Christopher O'Callaghan1 

 

Affiliations 

1. Department of Infection, Immunity and Inflammation, University of Leicester, 

Leicester, United Kingdom.  

2. Department of Cardiothoracic Transplantation, Great Ormond Street Hospital for 

Children, London, United Kingdom. 

 

Address for correspondence and reprint requests to:  

Professor Chris O’Callaghan 

Department of Respiratory Medicine 

Portex Unit, Institute of Child Health 

University College London (UCL) and Great Ormond Street Hospital 

30 Guilford Street 

London, WC1N 1EH, London, UK. 

Phone: (+44) 116 2523269, Fax: (+44) 116 2523282, Email: ajb64@le.ac.uk 

 

Word count: 3000  

 . Published on April 20, 2012 as doi: 10.1183/09031936.00174711ERJ Express

 Copyright 2012 by the European Respiratory Society.



 2

ABSTRACT  

 

It is unclear whether or not the ciliary function following lung transplantation is normal. 

Our aim was to study the ciliary function and ultrastructure of epithelium above and 

below the airway anastomosis and the peripheral airway of children following lung 

transplantation. 

 

We studied the ciliary beat frequency (CBF) and beat pattern using high speed digital 

video imaging and ultrastructure by transmission electron microscopy, of bronchial 

epithelium from above and below the airway anastomosis and the peripheral airway of 10 

Cystic Fibrosis (CF) and 10 non-suppurative lung disease (NSLD) paediatric lung 

transplant recipients. 

 

Compared to epithelium below the anastomosis, the epithelium above the anastomosis in 

the CF group showed reduced CBF (median [IQR] CBF: 10.5 [9.0–11.4]Hz  vs 7.4 [6.4–

9.2]Hz; p<0.01) and increased dyskinesia (median [IQR] dyskinesia index: 16.5 [12.9–

28.2]% vs 42.2 [32.6– 56.4]%; p<0.01). In both CF and NSLD groups, compared to 

epithelium above the anastomosis, the epithelium below the anastomosis showed marked 

ultrastructural abnormalities (median duration post transplant 7-12 months).  

 

Ciliary dysfunction is a feature of native airway epithelium in paediatric CF lung 

transplant recipients.  The epithelium below the airway anastomosis shows profound 
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ultrastructural abnormalities in both CF and NSLD lung transplant recipients, many 

months after transplantation.  

 

Word count: 200  

 

Keywords:  

Ciliary beat frequency; Ciliary beat pattern; Bronchial epithelium; Cystic Fibrosis; Non-

suppurative lung disease.  
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INTRODUCTION 

 

Lung transplantation is an accepted treatment option for children with end stage lung 

disease. Compared to other solid organ transplants, the overall survival remains poor for 

paediatric lung transplant recipients.[1] According to recent reports,[1] almost half the 

deaths within the first year post lung transplant are attributable to infection. Infections 

may also play a role in the pathogenesis of bronchiolitis obliterans syndrome (BOS), 

which is the major cause of death by five year post lung transplant.[2-5]   

 

The ciliated epithelium that covers the surface of the airways forms an immunologically 

active natural barrier to invasion and injury by inhaled pathogenic organisms.  The 

epithelium is lined by the airway surface liquid in which the cilia beat at a frequency of 

10-14Hz, clearing the mucus with its trapped pathogens.  This process, known as 

mucociliary clearance,[6] is an essential factor in pulmonary defense. Impaired 

mucociliary clearance and respiratory epithelial damage lead to increased susceptibility to 

infection and inflammation.  

 

Though available evidence from both animal [7, 8] and human [9, 10] studies suggests 

that the mucociliary clearance may be impaired in lung transplant recipients, particularly 

in the early post transplant period, the reasons for this impairment are far from being 

completely understood. Limited evidence suggests possible epithelial ultrastructural 

abnormalities [10] and alterations in airway mucus rheology [7, 11] in the early post 

operative period following lung transplantation. Though a small number of studies 
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examined ciliary beat frequency (CBF) in adult lung transplant recipients, the finding of a 

significantly reduced CBF in the transplanted bronchi compared to that of the native 

bronchi by some authors [12] could not be replicated by others.[9, 13, 14]  To date, there 

have been no studies that examined ciliary function in children following lung 

transplantation and no previous paediatric or adult studies have evaluated ciliary beat 

pattern post lung transplantation. Assessment of ciliary beat pattern in addition to ciliary 

beat frequency has recently been recognised as an essential part of evaluation of ciliary 

function, as cilia may maintain their beat frequency whilst beating in a grossly dyskinetic 

fashion. [15, 16] 

 

The aim of this study was to assess the ciliary function and detailed ultrastructure of 

the respiratory epithelium proximal to the airway anastomosis and compare that to the 

airway distal to the airway anastomosis and that of the peripheral airway, in paediatric 

lung transplant recipients. 
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METHODS 

 

Subjects 

Over a two year period (2007-2009), 20 children (<18 years) who underwent flexible 

bronchoscopy following lung transplantation at the Great Ormond Street Hospital for 

Children (London, United Kingdom), were studied.  Demographic and clinical details 

were collected.  All subjects underwent pH/impedance study to look for evidence of 

pathological gastroesophageal reflux.  Flexible bronchoscopy was conducted according to 

the European Respiratory Society guidelines.[17]  Epithelial brushings were taken from 

2-3cm above and 2-3cm below the airway anastomosis under direct vision and from a 

peripheral airway under fluoroscopic screening that confirmed the brush to be at the very 

edge of the lung in all cases. (Detailed methodology is given in the online supplement).  

Bronchoalveolar lavage (BAL) was performed and the fluid was tested for various 

pathogens including bacteria, mycobacteria, legionella, fungi and viruses.  BAL was also 

processed using the Oil Red O staining technique to estimate the proportion of lipid laden 

macrophages and a proportion greater than 10% was considered significant.  

Transbronchial lung biopsy samples were obtained and histopathologic studies were 

performed to look for evidence of rejection.  At the time of collection of bronchial 

epithelial samples, the subjects had been free from intercurrent respiratory infections, for 

at least 6 weeks. 

 



 7

The study protocol was approved by the Institute of Child Health and Great Ormond 

Street Hospital Research Ethics Committee.  Participating children provided assent and 

written informed consent was obtained from parents.   

 

Ciliary beat frequency (CBF) and beat pattern 

Detailed methodology is given in the online supplement.  CBF was measured and beat 

pattern assessed on strips of bronchial epithelium using a digital high-speed video 

microscopy system, as described previously with nasal epithelial brushings,[18] within 4-

6 hours of sample collection.  The high speed video images were analysed in a blinded 

fashion.  The images were re-analysed by a second observer (A Rutman) and blinded on a 

second occasion by the original observer (B Thomas). 

The experimental system allowed the ciliary beat pattern to be evaluated in three different 

planes: a sideways profile, beating directly toward the observer and from directly 

above.[18]  The path taken by a cilium during the beat cycle was analysed frame by 

frame.  This was characterised and compared with the normal beat pattern [18] seen on 

digital high speed video analysis.  Dyskinesia was defined as an abnormal beat pattern 

that included reduced beat amplitude, stiff beat pattern, failure to bend along the length of 

the ciliary shaft, a flickering or twitching motion and static cilia.  Dyskinesia index was 

calculated as the percentage of dyskinetic cilia within the sample (number of dyskinetic 

readings/total number of readings for sample ×100).  The immotility index [19] was 

calculated as the percentage of immotile cilia within the sample (number of immotile 

readings/total number of readings for sample ×100).  A micrometer was used to calibrate 
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and measure the length of cilia from the digital sideways images of ciliated epithelial 

edges projected onto a computer screen. 

Transmission electron microscopy  

Detailed ultrastructure of the bronchial epithelial strips was studied using transmission 

electron microscopy, as described before with nasal epithelial brushings.[20]  Detailed 

methodology is given in the online supplement.  The ciliated epithelium was assessed, in 

a blinded fashion, for both epithelial and ciliary ultrastructural changes.  The number of 

ciliated cells, unciliated cells, mucus cells, and dead cells were expressed as a percentage 

of all cells examined.  Disruption and damage to the epithelium was assessed by 

calculating the percentages of ciliated cells with loss of cilia, cellular projections, 

cytoplasmic blebbing and mitochondrial damage, among all cells examined.  Damage to 

individual cilium was evaluated by examining ciliary ultrastructure for microtubular and 

dynein arm defects and the percentage of cilia with microtubular or dynein arm defects 

was calculated.  Intracellular ciliary orientation, defined as the standard deviation of the 

angles of lines through the central pair of microtubules of cilia originating from a single 

ciliated cell, was determined as described previously.[21]  

Statistical analyses 

Sample size was calculated based on CBF as the primary outcome measure.  Seybold et 

al studied the surface liquid velocity on freshly excised sheep trachea and found that a 

16% increase in CBF correlates with a 56% increase in tracheal surface liquid 

velocity.[22]  Hence, we assumed that an absolute mean difference in CBF of 2Hz has 

potential biological significance.  It was estimated that, to detect a mean difference in 
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CBF of 2Hz (with a standard deviation of 1Hz) between two groups, with a confidence 

interval of 95% and a power of 80%, a sample size of six (n=6) in each group would be 

required. Statistical analysis was performed using GraphPad Prism 5.  Non-parametric 

data were described as median (interquartile range (IQR)).  Groups were initially 

compared using the Friedman test and post-hoc analysis was performed using Dunn’s 

method.  A p value of <0.05 was considered statistically significant.  Agreement between 

the two observers (B Thomas and A Rutman) was excellent for measurement of CBF 

(interclass correlation 0.94) as well as dyskinesia index (interclass correlation 0.93).  

Repeatability (agreement within observer) was also excellent (interclass correlation was 

0.94 for CBF and 0.99 for dyskinesia index).  
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RESULTS 

The demographic and clinical details including results of pH/impedance study, 

bronchoalveolar lavage and transbronchial biopsy are given in Table 1.  None of the 

transbronchial biopsy samples studied showed evidence of acute cellular rejection.  Of 

the 20 children studied, two children who had a pathogenic organism in the 

bronchoalveolar lavage, were excluded from the ciliary function studies and analysis of 

epithelial ultrastructure.  CBF and beat pattern were studied in 18 children (9 each in the 

Cystic Fibrosis [CF] group and the non-suppurative lung disease [NSLD] group) and the 

results are given in Figures 1 and 2 (and online supplement Tables 1 and 2).  

 

In the CF group, the median [IQR] CBF was significantly decreased in the epithelium 

above the airway anastomosis (7.4 [6.4-9.2] Hz) compared to that below (10.5 [9.0-11.4] 

Hz) (Friedman p<0.01, Figure 1A).  Analysis of ciliary beat pattern showed a higher 

proportion of dyskinetic cilia in the epithelium above the airway anastomosis (42.2 [32.6-

56.4] %) compared to that below the anastomosis (16.5 [12.9-28.2] %) and that of the 

peripheral airway (13.9 [6.5-16.6] %) (Friedman p<0.01, Figure 1B).  The epithelium 

above the airway anastomosis also showed significantly higher immotility index (4.1 [3-

5.9] %) compared to that of the peripheral airway (0 %) (Friedman p<0.001, Figure 1C).  

In contrast, in the NSLD group, there was no significant difference in the CBF, 

dyskinesia index or immotility index between the epithelium above and below the airway 

anastomosis and that of the peripheral airway (Figure 2).  The median (IQR) length of 

cilia in the central (above and below the airway anastomosis) and peripheral airways were 
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5.8 (5.4 – 6.2) µm and 6.0 (5.6 – 6.2) µm and the difference was not statistically 

significant (p=0.17).  

 

Bronchial brushing obtained from one child each in the CF group and the NSLD group 

was excluded from analysis of epithelial ultrastructure because of identification of a 

pathogenic organism in the bronchoalveolar lavage fluid.  The samples obtained from two 

other children each in the CF and the NSLD groups were insufficient for assessment by 

transmission electron microscopy.  Therefore transmission electron microscopy was done 

on samples obtained from seven children in each group.  The median (IQR) number of 

epithelial cells per sample studied was 380 (276 – 664). Results are summarised in Tables 

2 and 3 (and online tables 3 and 4) and example electron micrographs are shown in 

Figures 3 and 4.  Striking ultrastructural abnormalities were observed in the ciliated 

epithelium below the airway anastomosis, in both the CF and NSLD groups. Compared to 

epithelium above the airway anastomosis and that of the peripheral airway, the epithelium 

below the anastomosis in the CF group showed a significant reduction in the proportion 

of ciliated cells (p<0.05) and a significant increase in the proportion of ciliated cells with 

loss of cilia (p<0.05) and cilia with microtubular defects (p<0.05).  In addition, compared  

to the epithelium above the airway anastomosis, the epithelium below the anastomosis in 

the CF group showed a significant increase in the proportion of unciliated cells, dead 

cells, cells extruding from the cell surface, cells with cytoplasmic blebbing and cells with 

mitochondrial damage (p<0.01). Also, there was significantly higher ciliary disorientation 

in the epithelium below the airway anastomosis compared to that above the anastomosis, 

in the CF group (p<0.05).  



 12

 

In the NSLD group, the epithelium below the airway anastomosis showed a significant 

reduction in the proportion of ciliated cells (p<0.01) and a significant increase in the 

proportion of unciliated cells, dead cells, ciliated cells with loss of cilia, cells extruding 

from the cell surface, cells with cytoplasmic blebbing, cells with mitochondrial damage 

and cilia with microtubular defects (p<0.01) compared to epithelium above the 

anastomosis.  A significantly higher ciliary disorientation was seen in the epithelium 

below the airway anastomosis and the peripheral airway, compared to the epithelium 

above the airway anastomosis (p<0.05).  The epithelium below the airway anastomosis 

also showed a significant increase in the proportion of mucus cells compared to that 

above the anastomosis and that of the peripheral airway (p<0.05). 

 

In view of possible effect of normal epithelial healing process in the immediate post 

operative period on epithelial ultrastructural changes, the data were re-analysed excluding 

the two patients (in each group) who had bronchial brushing samples taken within the 

first four months post transplantation. This did not alter the finding of significant 

epithelial ultrastructural abnormalities in the epithelium below the airway anastomosis. 

(See tables 3 and 4 in the online data supplement). Re-analysis of the epithelial 

ultrastructural data excluding the subjects (n=7) with >10% lipid laden macrophages in 

the bronchoalveolar lavage also did not alter the finding of significant epithelial 

ultrastructural abnormalities in the epithelium below the airway anastomosis. 
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DISCUSSION 

This study shows that, in paediatric CF lung transplant recipients, there is significant 

ciliary dysfunction in the epithelium above the airway anastomosis. However, the ciliary 

function of the native airway of paediatric NSLD lung transplant recipients was 

comparable to that of the transplanted lungs. Our data suggests that there is no difference 

in the length and beat frequency of cilia from peripheral airways compared to that from 

central airways of the transplanted lungs. We have also shown that profound epithelial 

ultrastructural abnormalities persist in the epithelium below the airway anastomosis, for 

several months post transplantation, in both CF and NSLD paediatric lung transplant 

recipients. This is of concern as damage to the respiratory epithelium is known to 

predispose to secondary infection, a major problem in lung transplant patients. 

 

To our knowledge this is the first study that assessed ciliary function (beat frequency and 

beat pattern) and epithelial ultrastructure in paediatric lung transplant recipients. Previous 

authors [9, 12, 14]  studied CBF in adult lung transplant recipients and no difference in 

CBF between the native and transplanted bronchi were reported in all except one 

study.[12]  Heterogeneity in the subject characteristics, indication for transplant, type of 

transplant and methodology used for sample collection and analysis of CBF makes direct 

comparison with our study results difficult. Our study is unique to any lung 

transplantation study in that, we assessed the beat pattern in addition to measurement of 

CBF. This was made possible by the recent advent of high-resolution digital high-speed 

video imaging [18] that allowed us to assess the precise beat pattern of cilia, by viewing 

the ciliary beat cycle frame by frame in different planes. Using this method, we have 
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previously shown that cilia in certain conditions may have a normal beat frequency 

despite markedly abnormal beat pattern [20] and normal ciliary beat frequency does not 

necessarily equate to normal ciliary function. Our finding of significantly reduced beat 

frequency and increased ciliary dyskinesia in the epithelium of native airway in the CF 

transplant recipients is in contrast to the Read et al study [14] that showed a higher 

median (IQR) CBF of 10.8 (8.8 – 11.1) Hz in the native airway epithelium of the six 

adults with Cystic Fibrosis they studied.  Though chronic inflammation, which is often 

present in the native CF airway epithelium, is known to cause ciliary dysfunction and 

ultrastructural defects,[23] the precise mechanism(s) underlying ciliary dysfunction in the 

native CF epithelium remains to be determined. There has been a suggestion that 

compared to cilia in central airways, cilia in peripheral airways are shorter [24] and beat 

at a slower frequency.[25, 26]  Our data contradicts this suggestion and is in agreement to 

the study by Yager et al [27] who showed no difference in CBF of epithelium from 

different levels of the tracheobronchial tree. 

 

The findings of the limited animal and human studies that examined epithelial 

ultrastructure post lung transplantation, have been inconclusive.[10, 28] In this study we 

systematically quantified the ultrastructural abnormalities of the respiratory epithelium of 

the native airway and transplanted lungs. Our findings of profound loss of epithelial 

integrity and striking ultrastructural abnormalities of the epithelium below the airway 

anastomosis, observed several months post transplantation, are likely to be multifactorial 

in causation. Injury during organ harvesting, allograft preservation, reperfusion and acute 

cellular rejection may cause epithelial damage. Although not studied in detail, 
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devascularisation and lymphatic interruption due to transplantation, medications such as 

corticosteroids that may impair wound healing and aspiration into airways due to gastro 

oesophageal reflux [29] have also been implicated in epithelial damage. The relative 

preservation of epithelial integrity in the peripheral airways compared to the airway just 

below the anastomosis suggests possible effects of local mechanisms such as 

devascularisation and/or lymphatic interruption, though this remains to be determined.  

 

The marked epithelial ultrastructural abnormalities that we observed below the airway 

anastomosis are very likely to have important functional consequences.  Firstly, these 

may result in quantitative and qualitative alterations in mucus and periciliary fluid which 

may lead to impaired mucociliary clearance despite a normal CBF. Of particular interest, 

we observed increased ciliary disorientation in the epithelium of the transplanted lungs, to 

a degree comparable to that has been described previously as a variant of primary ciliary 

dyskinesia.[21] Secondly, and perhaps more importantly, these epithelial abnormalities 

may increase the risk of allograft colonisation by pathogenic organisms. Indeed, bacteria 

such as Pseudomonas have been shown to adhere preferentially to injured, disrupted and 

regenerating areas of airway epithelium [30] and colonise the allograft in both CF [2, 31, 

32]  and non CF [31, 32] lung transplant recipients. A growing body of evidence points 

towards the potential role of allograft colonisation with microbes such as Pseudomonas 

[2, 31, 32] and Aspergillus [5] in the development of bronchiolitis obliterans syndrome 

(BOS).  
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The main limitation of our study is its cross-sectional design and therefore the within 

subject repeatability and longitudinal changes in ciliary function and epithelial 

ultrastructure need to be further studied. Our data generate several important questions 

that need to be addressed in future research. Unraveling the cause(s) of the ciliary 

dysfunction in the native CF airway epithelium, epithelial ultrastructural abnormalities 

below the airway anastomosis and its potential effects on mucus, periciliary fluid and 

mucociliary clearance pose major challenges for future studies. The suggestion in an 

animal model that preservation of peribronchial tissue during lung transplantation might 

potentially reduce the abnormalities in mucus rheology and airway epithelium,[7] is of 

interest and future studies could assess the effect of different surgical techniques aimed at 

minimising effects of denervation, devascularisation and lymphatic obstruction, on 

allograft epithelial ultrastructure. Though previous studies [11, 28] suggested that the 

epithelial ultrastructural abnormalities post transplantation may recover as early as 3-4 

months post transplant, our data is not consistent with these observations and only long 

term prospective studies will determine the time course of allograft epithelial 

ultrastructural changes post transplantation.  Such information may guide therapeutic 

decisions such as the duration of prophylactic antimicrobials. Despite the limitations of 

our study, our measures of ciliary function and epithelial cell morphology are highly 

repeatable and the magnitude of epithelial ultrastructural abnormalities seen below the 

airway anastomosis is striking, and is very likely to be clinically important.  

 

In summary, our study provides evidence for ciliary dysfunction in the native airway of 

paediatric CF lung transplant recipients and marked epithelial damage below the airway 
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anastomosis in both CF and NSLD paediatric lung transplant recipients.  The potential 

major consequence of the damaged allograft epithelium is the increased risk of microbial 

colonisation of the allograft airway, which may play a role in the development of 

Bronchiolitis Obliterans Syndrome (BOS).  
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TABLES 

Table 1 

 Cystic Fibrosis (n=10) Non-suppurative lung disease 
(n=10) 

Age (yr)* 14.1 (12.8 – 15.7) 13.1 (8.6 – 15.4) 
Sex M/F 2/8 7/3 
Diagnosis Cystic Fibrosis Obliterative Bronchiolitis (n=3) 

Pulmonary arterial hypertension 
(n=4) 
Pulmonary venoocclusive disease 
(n=1) 
Interstitial lung disease (n=1) 
Eisenmenger syndrome (n=1) 

Type of transplant Bilateral lung (n=9) 
Heart lung (n=1) 

Bilateral lung (n=7) 
Heart lung (n=3) 

Indication for 
bronchoscopy 

Surveillance (n=9) 
Suspected rejection (n=1) 

Surveillance (n=9) 
Suspected rejection (n=1) 

Duration post 
transplant (months)* 

12 (2.9 – 15.5) 7 (2.3 – 15) 

FEV1 (% of 
predicted)* at time of 
bronchoscopy 

75.5 (54.5 – 96) 74 (60.5 – 97) 

Bronchoalveolar 
lavage 

No organisms (n=6) 
URT commensals (n=3) 
Mycobacterium Abscessus (n=1) 

No organisms (n=5) 
URT commensals (n=4) 
Streptococcus pneumoniae (n=1) 

Transbronchial  
Biopsy 

No acute cellular rejection (n=10) 
A0B0 = 8 
A0BX = 2 
 

No acute cellular rejection (n=10) 
 
A0B0 = 7 
A0Bx = 3 

Gastroesophageal 
reflux disease 
requiring Nissen 
fundoplication 

9 
 

8 
 

BAL lipid laden 
macrophages >10% 

3 
 

4 

 
 

* Median (IQR) 

URT = Upper Respiratory Tract 

BAL = Bronchoalveolar lavage 
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Table 2 

 

Analysis of epithelial ultrastructure (Cystic Fibrosis group) by transmission electron 

microscopy* 

 

 

* Data expressed as median percentage (IQR). Ciliary orientation is expressed as median 

degrees (IQR).  

† p<0.01 and ‡ p<0.05 compared to epithelium below the airway anastomosis 

 Above 
anastomosis 

Below 
anastomosis 

Peripheral 
airway 

Ciliated cells 67.8 [64.1-73.9]† 36.9 [34.9-39.1] 67.7 [55-71.1]‡ 
Unciliated cells 25.5 [20.8-30.4]† 45.1 [42.9-46.1]  28.1 [19.7-35.4] 
Mucus cells 5.5 [4.6-6.7] 6.4 [5.7-6.9] 6.9 [4.9-7.2] 
Dead cells 0† 11.7 [10.9-13.1]  1.2 [0-2.3] 
Dynein arm defects 2.9 [1.1-5.2] 3.6 [0.4-4.2] 3 [2.6-4.5] 
Microtubular defects 2.2 [2-2.6]† 6.3 [5.3-8.7]  2.1 [2.1-3.9]‡ 
Ciliated cells with loss of cilia 22.6 [14.8-26.7]† 87.7 [78.3-92.4]  29.7 [17.8-49.4]‡ 
Cells extruding from the 
surface 20.9 [14.1-25.5]† 83.8 [77.2-89.7]  28.1 [25.5-31.3] 
Cells with cytoplasmic 
blebbing 10.7 [8.5-12.9]† 40.7 [33.7-44.2]  17.9 [15.6-20.6] 
Cells with mitochondrial 
damage 8.8 [7.1-11.6]† 34.3 [26.5-39.8]  16.2 [13.5-20.4] 
Ciliary orientation (degrees) 12.9 [12.2-14.1]‡ 19.8 [19.3-23.6] 17.5 [13.1-18.2] 
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Table 3 

 

Analysis of epithelial ultrastructure (Non-suppurative lung disease group) by  

transmission electron microscopy* 

 
 
 Above 

anastomosis 
Below 
anastomosis 

Peripheral 
airway 

Ciliated cells 83.2 [79.9 - 84.9]† 40.6 [30.9 - 59.3] 59.6 [53.6 - 68.5]  
Unciliated cells 12.7 [11.3 - 13.7]† 49.7 [32.8 - 59.6] 37 [27.4 - 43.3] 
Mucus cells 4.7 [3.5-5.6]‡ 8.5 [7.1-11.4] 3.4 [2.7 - 4.7]‡  
Dead cells 0† 12.4 [9.9 - 15.9]  1.8 [0.6-9.7] 
Dynein arm defects 2.3 [1.9 - 3.6]  5.4 [2.9 - 8.1] 3.3 [2.4 - 9.5] 
Microtubular defects 2.4 [1.9 - 3.5]† 7.7 [6.6 - 9.1] 2.7 [1.9 - 8.6] 
Ciliated cells with loss of cilia 11.2 [8.3 - 24.5]† 66.1 [55.3 - 83.5] 29.9 [16.2 - 53.6] 
Cells extruding from the 
surface 16.3 [5.1 - 18.6]† 49.2 [37.1 - 58.4] 41 [14.9 - 81.3] 
Cells with cytoplasmic 
blebbing 7.2 [4.5 - 10.3]† 45.3 [41.6 - 48.3] 27.9 [15.3 - 41] 
Cells with mitochondrial 
damage 6.4 [4.3 - 9.0]† 26.6 [17.9 - 36.5] 10.2 [9.3 - 48.1] 
Ciliary orientation (degrees) 11.8 [10.6 - 12.7] 19.5 [17.2 - 22.2] § 23.6 [20.3 - 26.8]§ 
 
 

* Data expressed as median percentage (IQR). Ciliary orientation is expressed as median 

degrees (IQR).  

† p<0.01 and ‡ p<0.05 compared to epithelium below the airway anastomosis 

§ p<0.05 compared to epithelium above the airway anastomosis 
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FIGURE LEGENDS 

 

Figure 1 

Ciliary beat frequency (A), dyskinesia index (B) and immotility index (C) of respiratory 

epithelium above and below the airway anastomosis and the peripheral airway of 

paediatric Cystic Fibrosis lung transplant recipients 

 

Figure 2 

Ciliary beat frequency (A), dyskinesia index (B) and immotility index (C) of respiratory 

epithelium above and below the airway anastomosis and the peripheral airway of 

paediatric non-suppurative lung disease lung transplant recipients 
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Figure 3 

Shows representative transmission electron microscopy images of normal healthy ciliated 

respiratory epithelium (A), epithelium showing loss of cilia, projecting cell and disruption 

of epithelial tight junction with separation of cells (B), ciliated cell with disrupted and 

swollen mitochondria [arrow] (C) and dead cells (D).  Internal scale bar = 2μm.  
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Figure 4 

Cross sectional image of cilia originating from a normal healthy ciliated cell (A) showing 

normal ciliary orientation [9.480 in this example] and a ciliated cell (B) showing ciliary 

disorientation [35.120 in this example]. a & b–distribution of lines drawn parallel to the 

central pair of microtubules of cilia originating from a single ciliated cell. Internal scale 

bar = 250nm. 
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