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ABSTRACT 

Background. MucoCiliary Clearance (MCC) is the primary protective mechanism of the upper respiratory 

tract. Differentiating between extracellular (functional-mechanical) and intracellular (viral cytopathic) mech-

anisms of MCC impairment has been studied insufficiently but critical for selecting adequate therapeutic strat-

egies. 

Aim. To investigate the pathophysiological mechanisms of MCC in patients with respiratory and olfactory 

disorders depending on the duration and degree of nasal obstruction, and in patients post-Coronavirus Disease 

2019. 

Materials and Methods. A prospective observational study included 196 patients (mean age [37.4±13.1] 

years) with nasal obstruction and impaired respiratory/olfactory functions (disease duration from 1 month to 5 

years). Patients were divided into four groups: Group 1 (n=53) – pronounced chronic nasal obstruction ([3–5] 

years); Group 2 (n=48) – partial obstruction (up to 6 months); Group 3 (n=44) – pronounced obstruction (up 

to 1 month); Group 4 (n=51) – acute post-viral rhinosinusitis after Severe Acute Respiratory Syndrome Coro-

navirus 2. Two pathogenetic profiles were evaluated: functional-mechanical (groups 1–3) and viral cytopathic 

(Group 4). Assessment included rhinomanometry, Saccharin Transit Time (STT), olfactometry (Sniffin’ 

Sticks), and high-speed video microscopy of ciliary epithelium (×100, 120 frames/s) analyzed in ImageJ/cil-

iaFA. Statistical processing of the data was performed using one-way analysis of variance (ANOVA) with post 

hoc Student’s test and Bonferroni correction and Pearson correlation with Excel 2022 (Microsoft, USA). The 

article is a part of scientific research with state registration number 0125U001264. 

Research Ethics. The study complied with the World Medical Association Declaration of Helsinki (1964–

2024) and relevant Ministry of Health of Ukraine orders. All participants provided written informed consent.  

Results. In Group 1, aerodynamic resistance was [3.1±0.4] kPa·s/L, STT was [24.5±3.1] min, and ciliary 

beat frequency (CBF) was [7.3±1.4] Hz; metachronal wave was absent in 100% of cases, with hyposmia in 

100% ([4.1±1.3] points). In Group 2, STT was [18.0±2.4] min, CBF was [7.6±3.1] Hz; in Group 3, STT was 

[34.7±3.3] min, CBF was [6.8±2.2] Hz. In Group 4, resistance was [1.9±0.4] kPa·s/L, STT was [17.0±1.9] 

min, and CBF was [8.1±1.4] Hz. Here, anosmia was present in 31.6% ([0.9±0.5] points) and hyposmia in 

68.4% ([4.1±0.9] points). 

Conclusions. Two fundamentally different pathophysiological profiles of MCC dysfunction were identi-

fied: functional-mechanical origin (groups 1–3) and viral cytopathic origin (Group 4), requiring diametrically 

opposite therapeutic strategies. 

Keywords: otorhinolaryngology, ciliary epithelium, nasal obstruction, olfactory dysfunction, COVID-19, 

rhinomanometry. 
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 Introduction  

MucoCiliary Clearance (MCC) is the main 

protective mechanism of the upper respiratory 

tract, ensuring continuous transport of mucus from 

the nasal cavity to the nasopharynx due to the co-

ordinated beating of the ciliary epithelium [1; 2]. 

Ciliary Beat Frequency (CBF) and the saccharin 

Transit Time Test (STT) are sensitive functional 
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indicators of the condition of the nasal mucosa [3]. 

Current data indicate that the relationship between 

the degree of nasal obstruction and impairment of 

MCC is complex and depends not only on me-

chanical narrowing of the nasal passages but also 

on the severity of inflammation, epithelial remod-

eling, and the nature of the pathological process 

[4; 5]. Postviral dysfunction of MCC occurs as 

a result of direct cytopathic damage to the ciliary 

epithelium and has a distinct pathophysiological 

mechanism that requires a different therapeutic 

approach [6]. In this regard, clinical phenotyping 

of MCC dysfunction is fundamentally important, 

since functional-mechanical and viral cytopathic 

forms require different treatment strategies [7; 8]. 

Architectural anomalies of the nasal cavity – de-

viation of the nasal septum, concha bullosa, hy-

pertrophy of the inferior nasal turbinates – create 

mechanical obstacles to physiological airflow, 

disrupt the transport of odorants to the olfactory 

cleft, and cause pathological turbulence in the na-

sal cavity [9–11]. In contrast, in postviral sensori-

neural dysfunction, damage to the olfactory epi-

thelium is predominantly cellular in nature; there-

fore, only surgical or standard anti-inflammatory 

treatment does not provide significant functional 

recovery [12; 13]. 

The research hypothesis is that impairment of 

mucociliary clearance in nasal obstruction may be 

formed by different pathophysiological mecha-

nisms – functional-mechanical and viral cytopa-

thic – which differ in functional indicators and 

clinical course. The practical value of this ap-

proach lies in the possibility of using accessible 

functional methods for differential diagnosis and 

selection of further pathogenetically substantiated 

therapy. 

The aim of the study was to investigate the 

pathophysiological mechanisms of mucociliary 

clearance function in patients with respiratory and 

olfactory disorders of functional and viral origin 

depending on the duration and degree of nasal ob-

struction, as well as in patients who have had 

COronaVIrus Disease 2019 (COVID-19). 

Materials and Methods 

The prospective observational study included 

196 patients (mean age [37.4±13.1] years) with 

varying degrees of nasal obstruction combined 

with impairment of respiratory and olfactory func-

tion (disease duration from 1 month to 5 years), 

divided into four groups according to the clinical 

picture and duration of the disease. Group 1 con-

sisted of 53 patients (27.0%) with pronounced im-

pairment of nasal breathing lasting for [3–5] years,  

 Group 2 – 48 patients (24.5%) with partial nasal 

obstruction lasting up to 6 months, Group 3 – 44 

patients (22.5%) with pronounced impairment of 

nasal breathing lasting up to 1 month, Group 4 – 

51 patients (26.0%) with acute postviral rhinosi-

nusitis associated with SARS-CoV-2 (Severe 

Acute Respiratory Syndrome Coronavirus 2), last-

ing up to 3 months. The study included individuals 

in the absence of local or systemic antibiotic ther-

apy during the previous 6 weeks, chronic systemic 

diseases, a burdened family history of hereditary 

diseases, as well as concomitant pharmacotherapy 

capable of modifying MCC. Patients with chronic 

rhinosinusitis with or without polyps, systemic 

immunodeficiency, autoimmune pathologies, and 

pharmacological interventions capable of modu-

lating MCC were excluded. 

Clinical examination included ENT (Ear, Nose 

and Throat) examination with endoscopy of the 

nasal cavity, rhinomanometry (computer rhino-

manometer TNDA-PVH, forced mode, calcula-

tion of aerodynamic resistance coefficient) and ol-

factometry using the Sniffin' Sticks system 

(Burghardt®, Germany) [14]. The latter included 

a threshold test with 16 triplets of n-butanol mark-

ers with descending concentration (anosmia – 1 

point, hyposmia – [2–6] points, normosmia – [7–

16] points) and an identification test with 12 

household odors (anosmia – [0–6] points, hy-

posmia – [7–10] points, normosmia – [11–12] 

points). Assessment of MCC was performed using 

the saccharin transit time test [15], where values 

of [7–15] min were considered normal and more 

than 20 min – pathological [16], as well as by de-

termining Ciliary Beat Frequency (CBF). The ma-

terial was obtained by brush scraping, placed in 

phosphate buffer (37°C) and examined at ×100 

magnification on a Karl Zeiss PrimoStar micro-

scope with a Sigeta TCMOS5100 video camera. 

Video recording was performed at a speed of 120 

frames/s for 1 minute; CBF was calculated using 

the formula: 

 

CBF = N × fps / K                 (1), 

 

where N – 10 cycles, fps – 120 frames/s, K – 

the number of frames per 10 cycles [3]. 

The normality of data distribution was assessed 

using the Shapiro-Wilk test. Since data was dis-

tributed normally, parametric statistical methods 

were chosen for further analysis. Statistical pro-

cessing of the data was performed using one-way 

analysis of variance (ANOVA) with post hoc Stu-

dent’s test and Bonferroni correction, and Pearson  
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correlation analysis was used to assess the rela-

tionships between disease duration and functional 

parameters. The data are presented as M±SD; cal-

culations were performed in Excel 2022 (Mi-

crosoft, USA). 

Research Ethics 

The study was conducted in accordance with 

the ethical standards of the World Medical Asso-

ciation Declaration of Helsinki (1964–2024), Di-

rective 86/609 of the European Community, and 

Order No.690 of the Ministry of Health of Ukraine 

dated September 23, 2009. Written informed con-

sent was obtained from all participants. 

Results 

From the total cohort of 196 patients, two path-

ophysiological profiles of MCC dysfunction were 

identified. For the assessment of functional-me-

chanical origin Groups 1 (n=53; 27.0%), 2 (n=48; 

24.5%), and 3 (n=44; 22.5%) were selected – a to-

tal of 145 patients (74.0%) with varying degrees 

and duration of structurally determined nasal ob-

struction. Viral cytopathic origin was represented 

by Group 4 (n=51; 26.0%) – patients with post-

viral rhinosinusitis after SARS-CoV-2. 

"Aerodynamic resistance syndrome" – func-

tional-mechanical origin (groups according to 

the degree and duration of obstruction) (n=145; 

74.0%). Group 1 consisted of 53 patients (27.0%) 

with structural ENT pathology (deviation of the 

nasal septum, hypertrophy of the inferior nasal 

turbinates and/or concha bullosa) and disease du-

ration of [3–5] years (persistent pathology). The 

patients complained of unilateral or bilateral nasal 

congestion, a feeling of pressure in the paranasal 

sinuses, impaired nasal breathing during exertion, 

and inability to blow the nose due to thick secre-

tion. Endoscopic examination revealed a hypere- 

 mic, edematous, and pasty mucosa with strands of 

viscous mucus. 

Rhinomanometry revealed consistently high 

aerodynamic resistance [3.1±0.4] kPa·s/L (pro-

nounced nasal obstruction), which significantly 

exceeds the values of Group 2 ([2.2±0.5] kPa·s/L). 

The mean STT was [24.5±3.1] min – twice the up-

per limit of normal ([7–15] min). 

Olfactometry revealed hyposmia in 100% of 

patients in Group 1 according to the threshold test 

– [4.1±1.3] points. The identification test showed 

hyposmia in 48.3% ([10.3±1.4] points) and nor-

mosmia in 51.7% ([11.8±1.7] points). The olfac-

tory disorder was characterized as conductive hy-

posmia: a mechanical obstacle to the access of 

odorants to the olfactory cleft due to edema and 

obstruction, rather than primary neuroepithelial 

damage. 

High-speed video microscopy (×100, 120 fra-

mes/s) confirmed that the cilia were morphologi-

cally preserved but functionally blocked by an ex-

ternal physical factor, as shown in Figure 1. CBF 

was moderately reduced – mean [7.3±1.4] Hz 

(physiological norm ~[12–15] Hz). The beating 

pattern demonstrated pronounced disturbances: 

the effective stroke was shortened or absent, the 

movement acquired a pendulum-like, rigid char-

acter with significantly reduced amplitude and 

loss of synchrony. The metachronal wave was ab-

sent in 97% of cases. 

The pathological process is extracellular,  

which is confirmed by a direct relationship be-

tween aerodynamic resistance [3.1±0.4] kPa·s/L, 

disease duration ([3–5] years), and suppression of 

MCC (STT [24.5±3.1] min, CBF [7.3±1.4] Hz). 

Anatomical obstacles disrupt the physiological 

laminar nasal airflow, generating turbulence with  

 

 

 

 
 

Fig. 1. High-speed video microscopy, freeze frame: a) beginning of the cycle: ciliary hypokinesia, minimal 

amplitude; b) middle of the cycle: irregular pattern, pronounced asynchrony of beating; c) completion: 

weakened metachronal wave, unstable trajectory. Magnification × 1000, the preparation is not colored 
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vortex zones and locally increased pressure on 

certain areas of the epithelium [17; 18]. Turbulent 

airflow, in turn, evaporates the periciliary fluid, 

the surface mucus layer thickens and physically 

deposits on the cilia, mechanically limiting their 

movement (zol-gel layer imbalance, or the “dry-

ing effect”), which partially coincides with the re-

sults of Bustamante-Marin X.M. et al. (2017) [19] 

and Button B. et al. (2012) [20]. At the same time, 

increased mechanical shear stress activates mech-

anosensitive ion channels TRPV4, triggering a 

calcium-dependent cascade [21], which stimulates 

goblet cells to massive hypersecretion of mucin 

MUC5AC [22] with a sharp increase in secretion 

viscosity [23]. One of the theories of energy gen-

eration is the continuation of generation by the 

dynein ATPase arm and the difficulty in overcom-

ing the resistance of hyperconcentrated MUC5AC 

mucus [19; 20] [21; 22]. Observation of the clini-

cal status of mucosal hydration in patients of 

Groups 1, 2, 3 corresponds to the above-men-

tioned mechanism. A schematic representation of 

the pathogenesis is shown in Figure 2. 

 Comparative analysis of functional-mechani-

cal origin revealed the nature of MCC dysfunction 

depending on the degree and duration of obstruc-

tion. The most pronounced suppression of MCC 

was observed in acute obstruction (Group 3), even 

with short duration (STT [34.7±3.3] min, CBF 

[6.8±2.2] Hz). At the same time, in subacute mod-

erate obstruction (Group 2), predominantly re-

versible, conductive olfactory function disorders 

were noted (STT [18.0±2.4] min, CBF [7.6±3.1] 

Hz). 

"Postviral cytopathic origin" – Group 4 

(n=51; 26.0%). The mechanism of MCC impair-

ment is fundamentally different: direct destruction 

of cellular structural elements at the molecular 

level, rather than external aerodynamic factors [3; 

12; 24]. 

The main complaint was persistent loss or dis-

tortion of smell: anosmia in 27.5% of patients, 

dysosmia/parosmia in most of the remaining pa-

tients with minimal impairment of nasal breathing. 

Endoscopic examination revealed intact nasal ar-

chitecture; the mucosa appeared pale, with mode- 

 

 

 
 

Fig. 2. Pathophysiological mechanism of aerodynamic syndrome 
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rate signs of active inflammation or edema – an 

endoscopic profile diametrically opposite to  

Group 1, which was confirmed by rhinomanomet-

ric data in the form of aerodynamic resistance 

[1.9±0.4] kPa·s/L, which was within the physio-

logical range. This sharply contrasts with the sub-

jective sensation of lack of air in patients of obser-

vation Groups 1 and 3. The mean STT was 

[17.0±1.9] min (range [16–23] min). It is funda-

mentally important that the use of decongestants 

had no effect on STT – a key differential marker 

confirming organic, structural damage [3]. 

Olfactometry confirmed deep sensorineural 

dysfunction. Threshold test: anosmia in 31.6% – 

[0.9±0.5] points; hyposmia in 68.4% – [4.1±0.9] 

points in the threshold test and [8.2±1.3] points in 

the identification test. The pathogenetic substrate 

is direct damage to the supporting cells of the ol-

factory epithelium via ACE2/TMPRSS2 recep-

tors, which determines the sensorineural nature of 

the olfactory disorder [25]. 

Video microscopy revealed kinematic disturb-

ances. CBF was within normal limits in 59% and 

moderately reduced in 41% (range [7–9] Hz), 

mean [8.1±1.4] Hz. Despite the relatively pre-

served frequency, the beating pattern demon-

strated profound qualitative disturbances: short-

ened effective stroke, vibratory movement, asyn-

chrony between adjacent cells, reduced amplitude. 

Metachronal activity was irregular and frag-

mented. The obtained data are shown in Figure 3. 

 

 

 
 

Fig. 3. Video microscopy of ciliary epithelium, 

freeze frame: a) effective stroke phase (movement 

vector indicated by an arrow); b) recovery stroke 

phase; dyskinesia: vibratory movement and 

shortened amplitude. Magnification × 1000, 

the preparation is not stained. 

 

The pathophysiological mechanism of SARS-

CoV-2 begins with viral entry into cells via ACE2 

and TMPRSS2 receptors, abundantly expressed 

on supporting cells of the olfactory epithelium and  

 ciliated cells of the respiratory tract, initiating di-

rect cytotoxicity and an intracellular inflammatory 

response [25]. Viral replication is accompanied by 

pronounced mitochondrial damage and decreased 

ATP synthesis, which limits the energy supply of 

dynein ATPase motors and gradually reduces the 

force, amplitude, and coordination of ciliary beat-

ing [26; 27]. In parallel, cytoskeletal remodeling 

occurs: the virus disrupts the structure of microtu-

bules, leading to impaired ciliary movement [27–

29]. Dysfunction of Celsr1 signaling disorganizes 

basal bodies, reducing mucociliary transport [29–

32]. At the final stage, cells lose the ciliary appa-

ratus (deciliation), completely stopping clearance. 

Restoration of cilia requires 3–6 months [33]. The 

proposed mechanism is shown in Figure 4. The 

main clinical and functional differences between 

the groups are presented in Table 1. 

 

 

 
 

Fig. 4. Intracellular pathophysiology of Group 4 

post-COVID mucociliary dysfunction: from 

SARS-CoV-2 cell entry to deciliation and 

recovery. 
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Table 1. Main clinical and functional parameters in patients with functional-mechanical (Groups 1, 2, 3) 

and viral (Group 4) origin of MCC dysfunction (M±SD) 

 

Parameter Group 1 (n=53) Func-

tional max.,  

[3–5] years 

Group 2 (n=48) 

Functional max.,  

6 months 

Group 3 (n=44)  

Functional max.,  

≤1 months 

Group 4 (n=51) 

COVID-19,  

≤3 months 

Disease  

duration  

[3–5] years (chronic) Up to 6 months  Up to 1 month  Up to 3 months  

Rhinomanom-

etry (kPa·s/L) 

3.1±0.4 2.2±0.5 3.6±0.4 1.9±0.4 

STT (min) 24.5±3.1 18.0±2.4 34.7±3.3 17.0±1.9 

CBF (Hz) 7.3±1.4 7.6±3.1 6.8±2.2 8.1±1.4 

Olfactory 

threshold test 

(scores) 

Hyposmia (4.1±1.3) Mild hyposmia 

(5.6±2.2) 

Hyposmia (3.4±2.4) Anosmia 31.6% 

(0.9±0.5) /  

Hyposmia 68.4% 

(4.1±0.9) 

Identification 

test (scores) 

Hyposmia – 48.3% 

(10.3±1.4) / Normosmia 

– 51.7% (11.8±1.7) 

Normosmia – 81.3% Moderate hyposmia – 

62.7% (9.3±1.4) 

Anosmia (0.9±0.5) / 

Hyposmia (4.1±0.9) 

Metachronal 

wave 

Absent – 100% Partially preserved Reduced coordination Fragmented, irregu-

lar 

Ciliary beating 

pattern 

Pendulum-like, reduced 

amplitude, no effective 

stroke 

Mostly normal, mild 

changes 

Disorientation,  

irregular cycle 

Dyskinesia:  

vibration,  

asynchrony, reduced 

amplitude 

Effect of de-

congestants  

on STT 

Transient improvement Moderate improve-

ment 

Marked improvement Absent 

 

Notes: M±SD – mean ± standard deviation;  

MCC – mucociliary clearance;  

CBF – ciliary beat frequency;  

STT – saccharin transit time.  

Statistical analysis: ANOVA with post hoc Student’s t-test and Bonferroni correction; Pearson correla-

tion (Excel 2022, Microsoft, USA). 

 

 

Discussion 

The study confirmed a pronounced impact of 

nasal obstruction on ciliary epithelial function and 

identified two fundamentally different pathophys-

iological profiles of MCC dysfunction. Similar 

conclusions were reported by Jang Y.J. et al. 

(2002), who described histological changes of the 

nasal mucosa in severe obstruction caused by sep-

tal deviation. These included a significantly lower 

ciliary density score on the concave side ([1.8± 

±0.69] vs [2.8±0.95]; p=0.005), markedly higher 

inflammatory cell infiltration ([102.5±51.8] vs 

 [52.9±4.95]; p=0.003), and a reduced number of 

glandular acini ([66.6±18.7] vs [97.2±16.9]; 

p<0.001), further supporting these findings [34]. 

From an aerodynamic perspective, these data are 

consistent with previous studies [35; 36]. 

In Group 1, a direct correlation between aerody-

namic resistance ([3.1±0.4] kPa·s/L), disease dura-

tion ([3–5] years), and MCC suppression (STTT 

[24.5±3.1] min, CBF [7.3±1.4] Hz) confirms a func-

tional-mechanical origin. The duration-dependent 

nature of MCC dysfunction is supported by compa-

rison with Group 2 (STTT [18.0±2.4] min, CBF 
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[7.6±3.1] Hz) and Group 3 (STTT [34.7±3.3] min, 

CBF [6.8±2.2] Hz). The pathophysiological mech-

anism is based on studies explaining the TRPV4– 

MUC5AC signaling cascade, involving activation 

of mechanosensitive ion channels under shear 

stress from turbulent airflow, followed by hyper-

secretion of MUC5AC by goblet cells. This repre-

sents a molecular mechanism for the formation of 

pathologically viscous mucus, which physically 

obstructs morphologically intact cilia [21; 22]. 

In Group 4, the combination of moderate aero-

dynamic resistance ([1.9±0.4] kPa·s/L) with pro-

nounced olfactory dysfunction (anosmia 31.6%) 

and a pathological ciliary beating pattern, despite 

relatively preserved CBF ([8.2±1.3] Hz), indicates 

a viral cytopathic effect. Damage to ACE2/ 

TMPRSS2 and loss of Celsr1 polarity result in im-

paired MCC despite preserved beating intensity 

[28–34]. Similar findings were reported by 

Schreiner T. et al. (2022), who demonstrated that 

acute COVID-19 leads to a progressive decline in 

FOXJ1+ cells (median 30.24% in controls vs 

4.44% on day 14; p=0.020), along with ciliary loss 

(median 1.85% on day 3 vs 39.29% in controls; 

p<0.001) and the emergence of axonemal ultra-

structural abnormalities such as compound cilia 

even after ciliogenesis recovery (median 2% vs 

0% in controls; p=0.041), indicating dysregulated 

epithelial regeneration [29]. Oliveira B.R. et al. 

(2024), in turn, demonstrated that interaction of 

the SARS-CoV-2 spike protein (WT, Alpha, Delta 

variants) with SH-SY5Y neuronal cells disrupts 

the β-tubulin network and increases cathepsin L 

secretion independently of productive infection, 

suggesting an extracellular mechanism of cyto-

skeletal alterations [27]. 

Conclusions 

1. Two fundamentally different pathophysiolog-

ical profiles of mucociliary clearance (MCC) dys-

function were identified: Groups 1–3 – functional-

mechanical origin, and Group 4 – viral cytopathic 

origin. This differentiation enables the development 

of pathogenetically grounded therapeutic strategies. 

 2. In Group 1, a direct correlation between aero-

dynamic resistance ([3.1±0.4] kPa·s/L), disease du-

ration ([3–5] years), and MCC suppression (STTT 

[24.5±3.1] min, CBF [7.3±1.4] Hz) confirms the 

functional-mechanical origin of the disease and is as-

sociated with an increased risk of irreversible im-

pairment. However, in the context of surgical plan-

ning, functional recovery may be achieved through 

operative intervention, as supported by previous 

studies. Groups 2 and 3 demonstrate a similar mech-

anism; however, due to shorter disease duration, 

these patients have a more favorable prognosis and 

greater potential for recovery. 

3. In Group 4, moderate aerodynamic resistance 

([1.9±0.4] kPa·s/L), combined with pronounced sen-

sorineural olfactory dysfunction (anosmia 31.6%) 

and pathological ciliary kinematics, confirms a viral 

cytopathic profile of injury. This profile requires not 

only pathogenetically oriented anti-inflammatory 

therapy but also consideration of further neuroreha-

bilitation of the olfactory system. 
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