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MATERIALS AND METHODS 10 

 11 

Subjects 12 

Between January 2015 and October 2015, all subjects age ≥ 6 years, with a diagnosis of PCD were 13 

consecutively enrolled in the Department of Paediatrics of the University of Pisa, a referral nationa l 14 

centre for PCD diagnosis in Italy. The diagnosis of PCD was made on the basis of structural and/or 15 

functional ciliary abnormalities on ciliary brushings and ciliogenesis in culture, as previous ly 16 

described,[1-5] and in patients with an apparently normal axonemal ultrastructure but with a 17 

hyperkinetic ciliary beating confirmed by identification of the DNAH11 gene mutations.[6] We also 18 

studied two control groups who were recruited in the same time period and frequency matched for 19 

age and gender. These were healthy subjects (volunteers) and consecutively enrolled patients with 20 

chronic non-PCD sinus disease from the same hospital respiratory clinics. PCD was excluded by 21 

negative results of ciliary motion analysis, transmission electron microscopy (TEM) evaluation, and 22 

ciliogenesis in culture study[1, 5]. In healthy control patients, cystic fibrosis (CF) or 23 

immunodeficiency was excluded by clinical history and appropriate laboratory testing [7]. Each 24 

evaluation was performed when subjects had been free from signs and symptoms of acute respiratory 25 

infection for ≥ 4 weeks and after antibiotic treatment for at least 3 weeks. Isotonic saline nasal rinse 26 

was performed in all subjects before any testing. 27 

At enrolment nasal NO measurements and olfactory function tests (below) were carried out in all 28 

subjects, while only PCD and non-PCD sinus disease patients underwent sinus CT scan; 5 PCD 29 

patients did not have a CT scan because the test had been performed a few months previously. 30 

Informed consent was obtained from adult patients or from the parents of children, and age-31 

appropriate assent from the children.  32 

The study protocol was approved by the local Hospital Ethical Committee. 33 

 34 



Nasal nitric oxide 35 

Nasal nitric oxide was measured using standard methodology.[8] Nasal air was sampled continuous ly 36 

with a constant transnasal flow of 330 mL/min for ≥ 30 s (CLD 88 Exhalyzer; EcoPhysics, Duernten, 37 

Switzerland). 38 

 39 

Olfactory assessment 40 

Olfactory function was assessed using the Sniffin’ Sticks Extended Test (Burghart, Medizintechnik, 41 

GmbH, Wedel, Germany). It consists of three different sub-tests, assessing the olfactory sensitivity 42 

(threshold), discrimination and identification.[9] The olfactory sensitivity to n-butanol (presented in 43 

16 different dilutions in felt tip pen) was employed.  44 

1. The olfactory threshold is considered as the minimum concentration of an odorant (n-butanol) 45 

that can be detected by a subject. For all tests other than the olfactory identification test, the 46 

subject was blindfolded. Here the subject was exposed to three different stimuli, one consisting 47 

of a given concentration of n-butanol, and the other two with blank stimuli. The subject was asked 48 

which of the three stimuli contained the n-butanol (or, which of the three stimuli was the 49 

strongest). Depending upon the answers given, the concentration of the stimulus was changed and 50 

the trial was repeated up to seven staircase reversals. The threshold score was calculated by 51 

performing a mean of the values of four last reversals.  52 

2. The olfactory discrimination test aim was to assess the subject’s ability to discriminate between 53 

different odorants; 16 different triplets of odorants were presented. For each triplet, two felt tip 54 

pens contained the same odorant, while the third one held a different substance. The subject was 55 

asked which of the three pens contained the different odorant. 56 

3. The olfactory identification test aims to evaluate the subject’s ability to correctly identify an 57 

odorant. The subject was presented with 32 different odorants (16 “original” or blue + 16 “new” 58 

or purple) and asked to identify them by choosing between four possible odours for each trial.[10, 59 

11] Each of these tests yielded a score, and the two total sum of the three sub-scores, using for 60 

identification all 32 or only 16 original odorants respectively, were called TDI (Threshold 61 

Discrimination Identification) extended score and TDI score, relating to olfactory function. 62 

We chose to employ simultaneous bilateral testing, in order to avoid possible false results due to the 63 

congestion of one of the two nasal passages. Subjects were asked to blow their nose before any test 64 

and nasal patency was assessed  by anterior rhinoscopy.  65 

 66 

 67 

 68 



CT scanning of paranasal sinuses 69 

All patients underwent unenhanced CT scans (multislice CT; General Electric Medical Systems, 70 

Milwaukee, MI, USA) of the sinuses and axial, sagittal and coronal images were acquired. The CT 71 

assessment of the degree of pneumatisation of each paranasal sinus was always performed by the 72 

same radiologist, who was blinded to the results obtained by the other researchers. Sinus aplasia or 73 

hypoplasia were defined according to radiological criteria previously used.[12] 74 

The degree of inflammation was assessed using the Lund–Mackay system,[13] in which a score of 0 75 

is assigned to sinuses with no mucosal thickening, a score of 2 is assigned to completely opacified 76 

sinuses, and a score of 1 is assigned to lesser degrees of abnormality. The frontal, anterior ethmoid, 77 

maxillary, posterior ethmoid and sphenoid sinuses as well as the ostiomeatal complex on each side, 78 

is scored with a possible maximum total score of 24. As previously reported, a modification of this 79 

system was used because of the prevalence of sinus aplasia.[14] Briefly, if a patient lacked an 80 

evaluable sinus the total score was adjusted to account for the lack of this structure (modified Lund–81 

Mackay score). This was performed by multiplying the patient’s total score by the possible total 24 82 

and dividing by the actual score for that patient (24–2 x number of missing structures).[14] 83 

 84 

Statistical analysis 85 

There are no available data to do a power calculation, so the sample size was opportunistic. Baseline 86 

variables were expressed as group mean ± 95% Confidence Interval or as median and lower and upper 87 

quartiles when the variables were non-normally distributed. 88 

Differences between means were evaluated by one-way analysis of variance (one way ANOVA) 89 

followed by Tuckey’s post hoc test. Differences between medians of variables non-normally 90 

distributed were assessed by Mann–Whitney (Wilcoxon) U-test. 91 

Correlations between continuous non-normally distributed variables were assessed using Spearman’s 92 

rank correlation coefficients. Differences in frequency were measured using chi-square test and 93 

Fisher's exact test. 94 

A p value <0.05 was considered statistically significant. All statistical calculations were performed 95 

using SPSS V. 23.0 for Windows.  96 

 97 



RESULTS 98 

 99 

Sixty-two PCD patients (31 males, aged 6.9 to 65.2 years), 25 patients with non-PCD sinus disease 100 

(aged 6.7 to 55 years), and 43 control subjects (aged 6.7 to 49.1 years) were included.   101 

In 47 of 62 (75.8%) patients, which we term “classical PCD” (aged 6.9 to 65.2 years), typical 102 

ultrastructural abnormalities such as absence of both outer and inner dynein arms (n=10 subjects with 103 

ODA + IDA defect), absence of ODA alone (15 subjects), absence of IDA in conjunction with central 104 

apparatus defects and microtubular disorganization (14 subjects with IDA+CA+MTD), central 105 

apparatus (CA) defects alone (8 subjects) were present. In 38 out 47 (80.9%) subjects bialle lic 106 

mutations in disease-causing genes were identified (Tab. E1). Fifteen of 62 (24.2%) PCD patients 107 

(aged 8.6 to 49.5 years) showed an abnormal nonflexible and hyperkinetic beating pattern of cilia but 108 

an apparently normal axonemal ultrastructure and the diagnosis was confirmed by identification of 109 

the DNAH11 gene mutations. These have recently been demonstrated by TEM tomography to be 110 

related to a subtle ODA defect in only the proximal region of respiratory cilia.[15] 111 

There was no significant difference in age between PCD, non-PCD sinus disease, and control groups, 112 

as well as in modified Lund–Mackay and in sinus aplasia or hypoplasia score on CT scanning of 113 

paranasal sinuses between PCD patients and patients with non-PCD sinus disease (Tab. 1). However, 114 

there were significantly lower nNO levels in subjects with PCD compared to patients with non-PCD 115 

sinus disease and controls, and patients with non-PCD sinusitis had nNO significantly lower than the 116 

controls (Tab. 1). Olfactory assessments (Tab. E2A, E2B, E2C) showed significant impairment of all 117 

parameters in PCD patients compared to controls and non-PCD sinusitis, but this latter group was 118 

different only in Threshold compared to controls (Tab. 1). No control patient had any impairment of 119 

olfaction. Moreover, in PCD patients a significant inverse correlation (Fig. E1) was found between 120 

each olfactory assessment (Threshold mean: 3.5, 95% CI: 3.0-4.1; Discrimination mean: 8.3, 95% 121 

CI: 7.2-9.4, Blue Identification mean: 9.2, 95% CI: 8.2-10.3, TDI score mean: 21.2, 95% CI: 18.7-122 

23.7) and the modified Lund–Mackay score (p=0.006,  r=-0.398; p=0.028  r=-0.308; p=0.016  r=-123 

0.337; p=0.022  r=-0.320, respectively). The TDI extended score (mean: 29.8, 95% CI: 26.3-33.3; 124 

p=0.035, r=-0.296), but not purple identification score (mean: 8.6, 95% CI: 7.5-9.6), was also 125 

significantly correlated with the modified Lund–Mackay score.  126 

In patients with non-PCD sinus disease Threshold and Discrimination, but not Blue Identificat ion, 127 

TDI score, Purple Identification, and TDI extended score, were inversely correlated (Fig. E2) with 128 

the modified Lund–Mackay score (p= 0.001, r=- 0.607; p= 0.025, r=- 0.446, respectively).  129 

In PCD patients there was a significant inverse correlation (Fig. E3) between Discrimination, TDI 130 

score, and TDI extended score and sinus aplasia or hypoplasia scores (p=0.013, r=-0.320; p=0.029, 131 



r=-0.284; p=0.025, r=-0.292, respectively), but there was no correlation between any olfactory 132 

assessments and sinus aplasia or hypoplasia scores in patients with non-PCD sinus disease. In fact 133 

aplasia or hypoplasia were common findings as previously observed in PCD patients.[12] 134 

For PCD patients, a positive correlation (Fig. E4) was found between each olfactory assessment 135 

(Threshold: p<0.001, r=0.468; Discrimination: p<0.001, r=0.599; Blue Identification: p<0.001, 136 

r=0.510; TDI score: p<0.001, r=0.582; Purple Identification: p=0.001, r=0.426, and TDI extended 137 

score: p<0.001, r=0.557, respectively) and nNO levels. 138 

In patients with non-PCD sinus disease a positive correlation (Fig. E5) was found between Threshold, 139 

TDI score, and TDI extended score and nNO (p<0.001, r=0.977; p=0.012, r=0.496; p=0.034, r=0.426,  140 

respectively), while there were no correlations between Discrimination, Blue Identification, Purple 141 

Identification and nNO. 142 

Moreover, on the basis of previously established cut off values (Tab. E3),[9] anosmia and hyposmia 143 

were more common (p<0.0001) in PCD, being present in 18 (29%) and 28 (45%) out 62 patients 144 

respectively, than in patients with non-PCD sinus disease (hyposmia in 6 of 25 (24%), anosmia 0/25).  145 

Post hoc, we analysed the data by ultrastructural abnormality; compared with ODA (hyposmia 47%, 146 

anosmia 53%, no patient with normal olfaction), IDA+CA+MTD (hyposmia 64%, anosmia 14%, 147 

22% with normal olfaction), CA (hyposmia 38%, anosmia 50%, 12% with normal olfaction), and 148 

ODA+IDA (hyposmia 40%, anosmia 30%, 30% normal olfaction) defects, there was a lower 149 

prevalence of olfactory dysfunction (hyposmia 33%, anosmia 7%, normal olfaction 60%) in 150 

DNAH11 PCD (p=0.0005).  151 

Finally, despite there being no significant differences between classical and DNAH11 PCD patients 152 

in modified Lund–Mackay and in sinus aplasia or hypoplasia score on CT scanning of the paranasal 153 

sinuses, PCD patients with major TEM abnormalities had significantly lower nNO levels (Tab. 2) 154 

and olfactory assessments than in patients with DNAH11 gene mutations (Fig. E6 A, B, C). This 155 

latter group was different only in Threshold, TDI, and TDI extended score compared with controls 156 

(Fig. E6 A, B, C). All olfactory assessments in classical PCD, but not in DNAH11 PCD, were 157 

significant lower than in patients with non-PCD sinus disease (Fig. E6 A, B, C). 158 

In classical but not in DNAH11 PCD patients, Threshold, Discrimination, Blue Identification, TDI 159 

score, and TDI extended score (p=0.05, r = - 0.333) were inversely correlated with the modified 160 

Lund–Mackay score (Fig. E7). 161 

Significant correlations were demonstrated in classical PCD between each olfactory assessment 162 

(Threshold, Discrimination, Blue Identification, TDI score, Purple Identification, and TDI extended 163 

score) and nNO levels (Fig. E8) but not in DNAH11 PCD nor in controls.  164 

 165 



DISCUSSION 166 

 167 

We favor the hypothesis that in PCD there is a primary olfactory defect, because olfactory impairment 168 

was greater in PCD patients with major ultrastructural defects than in those with DNAH11 gene 169 

mutations and a subtle ODA defect in only the proximal region of respiratory cilia despite there being 170 

no differences in the severity of sinus disease, and also olfaction was worse than in non-PCD patients 171 

with equivalently severe sinus disease. However, the limited number of DNAH11 PCD patients does 172 

not allow definitive conclusions. For this reason, we believe that further studies with a larger cohort 173 

of patients are advisable in order to avoid any potential for confounding, and any issues around 174 

selection. Moreover, our study is exploratory, due to a lack of previous data no sample size calculat ion 175 

was possible, and all analyses are univariate. However, in the context of the rarity of the disease, a 176 

study sample of 62 PCD patients is reasonably substantial. We did not include patients with CF, who 177 

have chronic pansinusitis, as a control group. This was for two reasons; firstly although secondary 178 

motile ciliary dysfunction is common in CF, many have normal upper airway ciliary motility;[ 16] 179 

and secondly olfactory dysfunction has already been described in CF, although the mechanism is 180 

unclear.[17] 181 

 182 

Primary cilia are evolutionary conserved and important microtubule-based organelles that develop 183 

from the surface of cells and are sensors of extracellular signals important for processes such as 184 

hearing, olfaction, and photoreception. Genetic defects in ciliary proteins underlie a wide array of 185 

human autosomal recessive genetic diseases.[18] There are known overlaps between the respiratory 186 

phenotype of PCD (a disorder of motile cilia) and non-motile ciliopathies such as BBS[19] and  187 

Usher’s syndrome.[20] Ultrastructural defects of respiratory cilia were demonstrated also in Leber’s 188 

congenital amaurosis, with CEP290 mutations.[21] We suggest that olfactory bulb dysfunction 189 

represents another manifestation of ciliary overlap. 190 

In terms of future work, decreased levels of nNO were reported in children with isolated congenita l 191 

midline neuroanatomical defects suggesting a possible association between ciliary dysfunction and 192 

genes known to cause these defects.[22] However, olfactory function has never investigated in those 193 

subjects and this is now indicated. Furthermore, children with congenital midline neuroanatomica l 194 

defects should be studied for ciliary defects. Our results need to be confirmed in a larger group of 195 

patients with PCD and including other genetic profiles.[23] Finally, although there are no studies on 196 

the impact of smell defects and taste in PCD, these might decrease appetite and aggravate nutritiona l 197 

problems,[24] as is likely in cystic fibrosis. It would also be interesting to discover whether changes 198 

in olfactory function relate to pulmonary outcomes in a longitudinal study.  199 



In conclusion, the results of this study support the hypothesis of olfactory impairment in PCD patients. 200 

We suggest that this deficiency is primary in nature but more work is needed to define the peripheral 201 

and central mechanisms involved. 202 

  203 



Figure Legends 204 

 205 
Fig. E1   Correlation between each olfactory assessment [Threshold, Discrimination, Blue 206 

Identification, Threshold Discrimination Identification (TDI), TDI extended score] and 207 
modified Lund–Mackay score in all PCD patients. 208 

 209 

Fig. E2  Correlation between some olfactory assessment [Threshold, Discrimination score] and 210 
modified Lund–Mackay score in non-PCD sinusitis patients. 211 

 212 
Fig. E3    Correlation between some olfactory assessment [Discrimination score, Threshold 213 

Discrimination Identification (TDI), TDI extended score] and sinus aplasia/hypoplas ia 214 

score in all PCD patients. 215 
 216 

Fig. E4   Correlation between each olfactory assessment [Threshold, Discrimination, Blue 217 
Identification, Purple Identification, Threshold Discrimination Identification (TDI), TDI 218 
extended score] and nasal NO in all PCD patients. 219 

 220 
Fig. E5  Correlation between some olfactory assessment [Threshold, Threshold Discrimination 221 

Identification (TDI), TDI extended score] and nasal NO in non-PCD sinusitis patients. 222 
 223 

Fig. E6A  Olfactory assessment by mean of Threshold and Discrimination in Classical PCD,  224 

DNAH11 PCD, Sinusitis and Controls. 225 
 226 

Fig. E6B         Olfactory assessment by mean of Blue Identification and Purple Identification in Classical 227 
PCD, DNAH11 PCD, Sinusitis and Controls. 228 

 229 

Fig. E6C       Olfactory assessment by mean of Threshold Discrimination Identification (TDI) score 230 
and TDI extended score in Classical PCD, DNAH11 PCD, Sinusitis and Controls. 231 

 232 
Fig. E7   Correlation between each original olfactory assessment [Threshold, Discrimination, Blue 233 

Identification, Threshold Discrimination Identification (TDI) score] and modified Lund–234 

Mackay score in PCD patients (black circles and continuous line: Classical PCD; white 235 
circles and dashed line: DNAH11 PCD). 236 

 237 
Fig. E8  Correlation between each olfactory assessment (Threshold, Discrimination, Blue     238 

Identification, Threshold Discrimination Identification (TDI) score, Purple Identificat ion, 239 

and TDI extended score) and nNO levels in PCD patients (black circles and continuous 240 
line: Classical PCD; white circles and dashed line: DNAH11 PCD). 241 
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