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ABSTRACT 

 

Chronic rhinosinusitis (CRS) represents a spectrum of disorders that result from a variety of 

immunopathological mechanisms which lead to persistent inflammation of the paranasal 

sinus mucosa. CRS has a prevalence of approximately 12% and accounts for a high burden of 

antibiotic use worldwide. Although the role of oral antibiotics remains uncertain, they are 

currently recommended as part of medical therapy along with sinonasal lavage and systemic 

or topical corticosteroids. The role of microbes in the pathogenesis of CRS is still being 

defined, but bacteria likely contribute to the persistence and severity of the disease. However, 

the required antibiotic concentration at the target site of infection remains unclear. To date, 

this has been approximated by in vitro microorganism susceptibility testing, which can be 

misleading, since many of the bacteria in the sinonasal mucosa live in biofilms that have a 

substantially higher resistance to antibiotics than planktonic organisms.  

The first half of this thesis presents novel findings on the pharmacokinetics of oral antibiotics 

used in the treatment of CRS and the short-term effects of these agents on the microbiota in 

the sinuses. Changes in the gastrointestinal microbiome are studied in parallel, to provide a 

better understanding of the off-target effects of antibiotics. 

In patients who fail to respond to medical therapy, functional endoscopic sinus surgery 

(FESS) is warranted. The goal of this operation is to open the obstructed sinus openings 

(ostia), to improve sinus ventilation and restore mucociliary clearance. However, sompe 

forms of CRS are driven by self-perpetuating immune-mediated processes, and without long-

term topical post-operative medical management, these cases have a higher risk of requiring 

revision surgery. Topical corticosteroids are the mainstay of postoperative therapy, but it 

remains unclear how efficiently these are delivered to the sinonasal mucosa.  
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The second half of the thesis presents objective analyses, primarily utilizing computational 

fluid dynamic techniques to evaluate airflow and particle deposition in the postoperative 

sinonasal cavity. The effect of surgery on sinonasal interaction evaluated through detailed 

airflow simulations may have significant consequences for pre- or postoperative assessment 

and planning, and the design of intranasal devices for optimal topical drug delivery. 
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CHAPTER 1. INTRODUCTION 

 

1.1 Background  

 

The evidence for the clinical efficacy of antibiotics for the treatment of chronic rhinosinusitis 

(CRS) remains inconclusive, with the possible exception of longer courses of macrolide 

antibiotics for some specific CRS phenotypes (1). Although the role of bacteria in the 

pathogenesis of CRS is still being defined, it is conceivable that lack of antibiotic efficacy may 

be due in part to insufficient levels in the sinonasal mucosa and mucus to inhibit the growth or 

kill bacteria residing in this niche. However, studies into either the drug distribution into the 

sinonasal mucus or evaluating the impact of antibiotics on the sinonasal microbiota are limited. 

In contrast, there is a wealth of knowledge of the impact of antibiotics on the gut microbiota. 

It is possible that deleterious effects of antibiotics on the gut microbiota may exceed their 

favourable impact on the sinonasal microbiota. Accordingly, relative drug concentrations and 

their efficacy on microbiota at different sites is an important subject for future studies in CRS. 

The aim of this review is to evaluate the existing literature in which the pharmacokinetics or 

activity of antibiotics in the sinonasal mucosa and mucus has been studied. 

 

1.2 The role of bacteria in immunopathology  

 

CRS is a spectrum of disorders with varying combinations of immunopathological 

mechanisms. Although the exact role of infection in the pathogenesis of CRS is unknown, 
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bacteria probably contribute to the persistence and severity of CRS (2). Historically, CRS has 

been primarily categorized into two groups: CRS with nasal polyps (CRSwNP) and CRS 

without NP (CRSsNP): both are characterized by epithelial disruption, ciliary dysfunction, 

mucus gland hyperplasia, bacterial overgrowth and the formation of biofilms (3). Bacteria may 

become pathogenic by acting as antigens and activators of pathogen-associated molecular 

receptors (3). They can also secrete toxins which may have superantigen activity and immune 

adjuvants that stimulate nonspecific adaptive immune responses (3).  Staphylococcus aureus 

is especially common in eosinophilic CRS, in which it is associated with a superantigen-

mediated increase in Th2 cytokine secretions and IgE sensitization (4, 5). Observations of 

improvement in individuals with CRS treated with doxycycline and macrolide antibiotics may 

be linked to the role of these antibiotics in reducing bacterial load and superantigen production 

as well as their more direct anti-inflammatory effects (1, 3, 6). 

 

Despite the widespread use of antibiotics in the treatment of CRS, there is some evidence that 

antibiotics may be paradoxically implicated in the pathogenesis of this condition. Some 

evidence suggests that an antibiotic-related imbalance of immunogenic bacteria against 

tolerogenic bacteria may promote the persistence of CRS (1, 7, 8).  In addition, with repeated 

use of broad-spectrum antibiotics there is concern that more resistant bacterial strains will 

emerge. These bacteria reside in biofilms, are extremely difficult to eradicate, and may form a 

nidus for future exacerbations. Biofilms can alter antibiotic effectiveness as the bacteria in their 

centre are metabolically less active and so less responsive to the cellular mechanisms central 

to the action of many antibiotics (3). The gradients in hypoxia and pH created within the 

biofilms also help to allow survival of the core bacteria throughout treatment. Further defence 

mechanisms which promote bacterial persistence in biofilms include quorum sensing and the 

ability of an organized multicellular complex that forms the biofilm to evade phagocytosis (3). 
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A dose-dependent effect of topical tobramycin in penetrating and destroying biofilms in a 

rabbit model has been reported (9). However, effective treatment requires up to a thousand fold 

higher concentration than the predicted mean inhibitory concentration (MIC) which in turn 

requires much higher doses of antibiotics (9). Although the goal of topical antibiotic therapy is 

to achieve higher local delivery of drugs while reducing systemic effects, the evidence for the 

effectiveness of topical antibiotics has not been proven (10). It is likely that topical antibiotics 

in safe prescribed doses are usually ineffective against biofilms (4). 

 

1.3 Efficacy of antibiotics 

 

Antibiotic intervention has not been proven to be generally effective in CRS other than during 

acute exacerbations (2, 3). Although bacteria are ubiquitous in the sinuses of patients with 

chronic rhinosinusitis (CRS), definitive evidence for a primary infectious aetiology of this 

condition remains elusive. Few prospective studies exist investigating the efficacy of short-

term antibiotic use in CRS. The lack of placebo arms in these studies limits the interpretation 

of any clinical response, and overall, they have not detected significant differences between 

the treatment arms (5, 6, 11). The international consensus statement recommends the use of 

oral macrolides as an option in the treatment of CRS on the basis that they have shown benefit 

in some studies in reducing endoscopy scores and improving symptoms in CRS patients (12). 

Most studies of macrolide therapy in CRS patients without nasal polyps (CRSsNP) show a 

benefit over placebo while limited data are available to determine the efficacy for CRS with 

nasal polyps (CRSwNP). There is a paucity of evidence supporting the efficacy of non-

macrolides in CRS (12). 
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A meta-analysis of the efficacy of long-term macrolide therapy in CRS did not demonstrate 

evidence for a clinically significant impact across three studies included in the review (13).  A 

single study reported a significant difference in patient-reported outcomes after 12 weeks of 

treatment favouring the roxithromycin, but only in those patients with a normal serum total IgE 

level. However, these results are difficult to interpret as the patient reported outcome scale used 

was not validated and could be interpreted as biased in having more points to describe 

improvement than worsening (1). Macrolides function by downregulating proinflammatory 

cytokines including interleukin-8 (IL-8), a potent neutrophil chemoattractant (14). Thus it is 

possible that patients in the high serum IgE subgroup (often with associated eosinophilic 

infiltration) may be less likely to benefit from macrolide therapy compared to those in the 

normal IgE subgroup (13). 

 

1.4 Analysis of drug molecules in nasal and paranasal tissues and secretions 

 

Several studies have examined antibiotic concentrations in the sinonasal tissues and/or mucus 

(15-34). However, the majority of these studies have been performed in patients with acute 

sinusitis, acute exacerbations of CRS or upper respiratory tract infections. Furthermore, there 

are limitations in the interpretation and comparison of these studies including small sample 

sizes, heterogeneity of study populations, specific antibiotic and dosage regimens, nasal 

sampling methods, time of sampling in relation to the time of dose, and methods of drug 

analysis.  Although the lack of clinical difference seen in CRS patients treated with oral 

antibiotics may be attributed in part to a subtherapeutic level of drug penetration into sinonasal 

biofilms in addition to the presence of growing antibiotic-resistant strains (2, 3, 9), the extent 
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to which  drug distribution to the human sinonasal mucosa can contribute to the efficacy of 

oral antibiotics in patients with CRS remains largely undefined. 

 

Predicting the efficacy of a drug is complicated by its varying distribution across the body (35). 

The total plasma concentration of a drug is not a reliable prediction of its clinical efficacy as it 

may not always reflect the drug concentration (and thus activity) in the target site and 

accordingly is not an ideal pharmacokinetic parameter on which to base rational dosing. The 

effects of antibiotics also differ by body site. For example, the pharynx and saliva recover their 

initial microbial diversity after antibiotic therapy much more quickly than does the gut (36, 

37). Macrolides are highly lipophilic and consequently penetrate well into tissue, especially 

bronchial secretions, prostatic tissue, middle ear exudates and bone tissues (38). Similarly, 

second-generation tetracyclines like doxycycline are also lipophilic and so penetrate well into 

most tissues including respiratory tract tissue, with the highest concentrations in the liver, 

kidney, and digestive tract. Biliary doxycycline concentrations are found to exceed that of the 

serum by many fold, possibly reflecting higher active transport and secretion of the drug in the 

biliary tract (39). Both the macrolide and tetracycline drug groups are found to penetrate poorly 

into cerebrospinal fluid and saliva (38, 39).  

 

The analysis of drugs or their metabolites in tissue target compartments such as CSF and mucus 

can improve our understanding of drug penetration and likely efficacy at the site of infection 

(40). The collection of sinonasal tissues or secretions has been shown to be an appropriate 

approach in studies measuring drug concentrations in nasal secretions, nasal mucosa, paranasal 

sinus mucosa, ethmoid bone, and septal cartilage after intranasal and oral dosing. These studies 

have provided useful information in the fields of toxicology and pathophysiology (6, 15-29, 
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40, 41). However, nasal tissue and mucus samples are much more difficult to get than blood or 

urine and are much smaller in volume. Accordingly, special attention is required in the various 

stages of bioanalysis as compared to those required for conventional samples such as the blood 

and urine, and validation procedures need to be considered (42). 

 

Nasal secretions can be sampled by nose blowing, aspiration, absorption or washing 

techniques, and each of these has its own advantages, limitations and influences on the results 

obtained (42). Notably, different collection techniques provide heterogeneous matrices and 

analyte concentrations, which limit comparison between studies (42). A sample preparation 

stage is mandatory for drug elution, as biological samples are not directly compatible with 

quantification techniques such as high-performance liquid chromatography (HPLC) analysis 

(42). Nasal secretions are protein-rich samples that require an efficient sample clean-up 

procedure (23, 43). Liquid-liquid extraction and solid phase extraction procedures have been 

found to improve sensitivity by removing matrix interferences (23, 43). It is essential that all 

bioanalytical methods for determining analytes in a specific biologic matrix undergo validation 

to assure that they are reliable and reproducible (41). As nasal and paranasal specimens tend to 

be smaller in volume as compared with blood or urine samples, they impose the need of a 

partial validation of a method based on a previously validated method applied to a different 

matrix (41, 42). While selectivity and sensitivity are key parameters, the linearity, precision, 

and accuracy of the measured concentrations, as well as the stability of the analytes in the 

biological matrix should also be assessed (41). 

 

In the past, the determination of drug levels in sinus secretions was largely performed by 

microbiological assays such as agar and disc diffusion (15-19, 31, 32).  However, due to 
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technological advances and the development of new analytical methodologies and 

instrumentation, more efficient quantitative analysis can be performed by chromatography 

(42). Novel sample preparation methods have improved extraction of drug analytes from 

biological matrices so that less than 10 μL of nasal secretions may be adequate for analysis 

(43). HPLC is frequently used as a bioanalytic method as it provides several advantages over 

others such as gas chromatography (42). Nevertheless, few studies have used HPLC to 

determine concentrations of various antibiotics commonly used in CRS, particularly those from 

the macrolide and tetracycline groups, compared with fluoroquinolone drugs (25, 30, 33, 34, 

42). Older studies describe the pharmacokinetic properties of doxycycline and roxithromycin 

in sinus secretion using microbiological assay techniques, with many reporting the 

concentration of sinus secretion drug levels at varying time points to be above reference MIC 

for susceptible strains of pathogens (15-19, 31, 32). Although sinonasal drug levels are 

suggested to be therapeutic since they are above MIC for susceptible strains (15-29, 31, 32), 

the definitions of therapeutic concentrations are variable between studies. Microbiome studies 

have largely not been performed in parallel to correlate drug levels with activity on an intrinsic 

level and there is often a lack of clinical correlation. Microbial analysis, when performed, 

appears to only have occurred in the context of pathogens in acute sinusitis or exacerbations of 

CRS (18, 20, 24, 30).  

 

1.5 Impact of antibiotics on the sinonasal microbiome 

 

There is increasing evidence to support the concept that a more diverse microbiome is 

associated with improved health outcomes and less disease burden (44-46). Some studies have 

shown that treatments such as intranasal corticosteroids in the management of acute 
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exacerbations of CRS may decrease nasal microbiome diversity (47, 48). A decrease in 

sinonasal bacterial diversity following a period of oral antibiotics and corticosteroids in patients 

with acute exacerbations of CRS has also been reported (48). However, as no baseline steady-

state sample was collected, the decrease in diversity may also be attributed to the resolution of 

the acute exacerbation (48). In a previous study, we observed that the immediate effects of oral 

doxycycline or prednisone on bacterial communities and cytokines were unpredictable and 

highly variable between individuals (49). This is supported by further studies of changes in 

bacterial communities following systemic medical therapies, which also have not shown 

significant differences in bacterial diversity or richness and have described unpredictable and 

complex community shifts (50-52). Small changes in the relative abundance in a number of 

dominant taxa have been demonstrated, including trends of increased Staphylococcal species 

(50-52). The effects of medical therapies on the sinonasal microbiome in CRS patients have 

yet to be correlated with clinical responses. 

 

1.6 Impact of antibiotics on the gut microbiome 

 

Collateral harm from antibiotics is not limited to inducing antibiotic resistance.  Antibiotic use 

can account for 19% of emergency room visits for adverse drug reaction, and the risks of 

adverse reactions with some antibiotics were comparable to those of insulin, warfarin, and 

digoxin (53). In a prospective study of antibiotic-associated suspected adverse drug reactions 

among 762 hospitalized patients, 269 patients suffered an adverse drug reaction. The system 

organ classes most frequently affected with serious adverse effects were the gastrointestinal 

(50%, 135/269), neurological (24%, 64/269), body-general (10%, 27/269), and 

skin/appendages (6%, 17/269), among others (54). 
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It is well known that antibiotics can cause lasting changes to the gut microbiome, including a 

loss in diversity, the emergence of new genome sequences and upregulation of antibiotic 

resistance genes that results in antibiotic-resistant strains (36, 55, 56). Dysbiosis of the 

microbiome has been causally implicated in a number of metabolic, immunological, and 

developmental disorders, as well as susceptibility to development of infectious diseases, which 

may affect a wide variety of systems (57-60). Just as dysbiosis is implicated in the development 

of CRS, it is implicated in inflammatory bowel disease, which is a spectrum of chronic 

inflammatory intestinal disorders caused by a dysregulated immune response to host intestinal 

microflora (60, 61). Complete recovery after short-term antibiotic treatment may still not be 

achieved as long as four years following treatment (36). Many of these perturbations in gut 

microflora have been evaluated in relation to susceptibility to enteritis with Clostridium 

difficile and Salmonella typhimurium (35, 62). However, there are few studies that describe the 

changes in gut microflora associated with acute, short-term adverse gastrointestinal symptoms 

not necessarily linked to common pathogens. The patterns of disruption to the gut microbiome 

associated with chronic gastrointestinal diseases such as inflammatory bowel disease and 

irritable bowel syndrome have been determined. However, the extent to which these can be 

attributed to previous antibiotic exposure remains to be elucidated (58, 61). 

 

Disruption to gut microflora has been frequently studied in relation to use of broad-spectrum 

medications such as clindamycin (62) and beta-lactams for infections affecting various other 

systems (56, 63, 64), or metronidazole and vancomycin used to treat Clostridium difficile (36, 

59, 65). On the other hand, there is a relative lack of data for tetracyclines (66) and macrolides 

(36, 56, 63). In a large cohort study of Finnish children, macrolides were shown to induce long-



10 

 

term alterations of microbiota, particularly with reduction of Actinobacteria (mainly 

Bifidobacteria), Firmicutes (mainly Lactobacilli) and total bacterial diversity, as well as an 

increase of relative abundance of Bacteroidetes and Proteobacteria (67). These results are 

supported by a study investigating long-term impacts of a short-term course of clarithromycin 

and metronidazole on patients with Helicobacter pylori infection (36). Doxycycline has been 

shown to reduce faecal bacterial concentrations of Bacteroidetes, Firmicutes, and 

Lactobacillus in a study of healthy volunteers (32). 

 

Antibiotics from different classes such as tetracyclines and macrolides are expected to cause 

unique patterns of microbiota alteration due to their differing spectra of activity and bacterial 

target (58). Accordingly, they may play different roles in the development of acute adverse 

gastrointestinal symptoms or acute gastrointestinal infection. By investigating the short-term 

changes in the gastrointestinal microbiome in parallel with the nasal microbiome with 

commonly prescribed medication for CRS, we can better understand the effects of current 

medical management, including their adverse effects. This will allow the development and 

delivery of more targeted therapy to all CRS patients in the future.  

 

1.7 Sinonasal airflow and intranasal drug distribution of topical therapies in 

postoperative patients 

 

Although the routine medical management of CRS relies on topical corticosteroid treatment in 

post-FESS patients, it is unclear how efficiently topical drugs reach the sinonasal mucosa. 

Despite the nasal sprays’ prevalent use, its therapeutic efficacy has yielded inconsistent results 
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largely due to the variability of the spray parameters (68, 69), and patient airway geometries 

that are unique to each patient (70-73). The low efficacy is attributed to nasal sprays delivering 

large droplets travelling at high velocities (74, 75) leading to high inertial particles that deposit 

in the anterior nasal cavity (76-79)  thereby failing to navigate through the narrowed passages 

to reach the affected sinus mucosa.  

Even after surgery, local drug delivery to the sinuses remains a challenge due to the complexity 

of the sinonasal anatomy. The paranasal sinuses are cavities that extend outwards from the 

main nasal passage connected by small openings (ostia). In addition, the frontal and maxillary 

sinuses connect nearly perpendicularly to the airflow in the nasal passage, presenting further 

challenges to topical drug delivery (80-82). As part of standard FESS, the inferior turbinates 

are frequently surgically resected initially to relieve nasal airway obstruction (NAO) and to 

provide better access for surgical instruments in the nasal passages. Inferior turbinate surgery 

can be performed by a range of techniques and is commonly used to treat NAO caused by 

allergic rhinitis or septal deviation (83-85). Due to a lack of prospective clinical trials, it is 

unclear whether a more conservative procedure aiming to preserve the turbinate mucosa is 

better compared to total turbinate resection (83, 86, 87). The influence of the extent of inferior 

turbinate resection on nasal airflow and physiology has been little studied. 

In the past decade, computational fluid dynamics (CFD) simulations have been increasingly 

used to provide cost-effective and highly detailed predictions of flow behaviour and droplet 

distribution in the nasal cavity. From the few studies have been performed in post-endoscopic 

sinus surgery models, there is a suggestion that the exchange of air between the nasal passages 

and sinuses is significantly altered following surgery (35, 88-91). However, no CFD studies to 

date have included the complete sinonasal geometry in the evaluation of drug distribution. 

Given that post-FESS patients have significantly altered anatomy, simulating airflow using 

CFD techniques will allow a better understanding of how surgical strategies affect post-surgical 
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sinus ventilation, as well as help optimize drug delivery treatments for delivery of medication 

to the sinuses.  

 

1.8 Discussion 

 

The temporal changes that occur in the microbiome with oral antibiotics in CRS are still poorly 

understood and it remains a challenge to correlate these with the clinical state. Although 

sinonasal drug distribution could well be a factor in the effectiveness of oral antibiotics, further 

research is required into the relationship between drug concentrations and temporal changes in 

the microbiome at a local level and its clinical significance. There is scope in using nasal 

secretions collected with sinus aspiration or absorption techniques to represent a target 

compartment in the sinonasal tissues of CRS patients and measuring drug concentrations of 

oral medications commonly prescribed for CRS, such as doxycycline and roxithromycin 

around the steady state by validated accurate and precise methods such as HPLC. The 

determination of the concentration of antibiotics in nasal secretions in relation to changes in 

the nasal microbiome of CRS patients is an area of great interest with regards to the clinical 

efficacy of oral antibiotics. 

Currently recommended management of patients with CRS, including those that have had 

FESS, requires topical corticosteroid therapy. Optimizing intranasal distribution and retention 

topical drugs is therefore essential. Computational fluid dynamics analysis has not previously 

been used to investigate intranasal drug distribution of topical therapy in the complete post-

operative sinonasal geometries of patients who have undergone FESS and can provide a cost-

efficient method to achieving this objective. 



13 

 

 

1.9 Hypotheses 

 

This thesis aims to investigate drug distribution to the sinonasal mucosa and mucus in CRS 

patients taking oral antibiotic therapy. By investigating the short-term changes in the 

gastrointestinal microbiome in parallel with the nasal microbiome with commonly prescribed 

antibiotics for CRS, we can better understand the effects of current medical management, 

including their adverse effects.  

Although FESS is the standard of care in medically-recalcitrant CRS, without long term 

topical postoperative medical management, patients may require revision surgery more 

frequently. Post-FESS patients have significantly altered anatomy and simulating airflow will 

improve our understanding of how surgical strategies affect post-surgical sinus ventilation, as 

well as help optimize topical drug delivery to the sinuses. 

 

The specific hypotheses that will be discussed in the following chapters are: 

that antibiotic penetration in the sinonasal tissue and mucus is low in CRS patients (Chapter 

2).  

 

that the deleterious effects of antibiotics on the gut microbiota exceed their favourable impact 

on the sinonasal microbiota (Chapter 3). 

 

that airflow to the sinuses significantly increases following functional endoscopic sinus 

surgery, the extent of which is dependent on various factors including the type of sinus, 

extent of surgery and individual patient anatomy (Chapter 4). 
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that intranasal drug distribution is influenced by changes in airflow distribution in the post-

operative sinonasal cavity (Chapter 5). 

 

that a novel in vivo assessment of topical intranasal drug distribution can be performed in 

CRS patients using magnetic resonance imaging to detect contrast-enhancement by a 

gadolinium-based contrast agent (Chapter 6). 

 

that inferior turbinate reduction surgery influences nasal aerodynamics (Chapter 7). 

 

that inferior turbinate reduction surgery influences nasal warming and humidification 

(Chapter 8). 
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CHAPTER 2. ORAL ANTIBIOTICS USED IN THE TREATMENT 

OF CHRONIC RHINOSINUSITIS HAVE LIMITED 

PENETRATION INTO THE SINONASAL MUCOSA: A 

RANDOMIZED TRIAL 

 

2.1 Abstract 

 

2.1.1 Background 

Despite the widespread prescription of antibiotics for patients with chronic rhinosinusitis 

(CRS), the extent to which drug distribution to the sinonasal mucosa occurs remains largely 

undefined. 

 

2.1.2 Methods 

Twenty subjects undergoing functional endoscopic sinus surgery (FESS) for CRS were 

randomized to one of two groups: 1) doxycycline (100 mg daily for seven days) 2) 

roxithromycin (300 mg daily for seven days). Drug levels were measured using liquid 

chromatography-tandem mass spectrometry in sinonasal mucus, sinonasal tissues and serum at 

steady state.  

 

2.1.3 Results 

Doxycycline concentrations measured in the mucus were significantly lower compared to that 

in the serum (mean mucus/serum ratio = 0.16, p<0.001) and the tissue (mean mucus/tissue ratio 
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= 0.18, p<0.0001). Roxithromycin concentrations in the mucus were also significantly lower 

compared to that in the serum (mean mucus/serum ratio = 0.37, p=0.002) and the tissue (mean 

mucus/tissue ratio = 0.60, p<0.001).  

 

2.1.4 Conclusions 

Although the efficacy of doxycycline and roxithromycin in sinonasal mucus in vivo cannot be 

predicted solely from reported minimum inhibitory concentrations, given the added complexity 

of bacterial biofilm antimicrobial tolerance, these results suggest that low mucosal penetration 

of antibiotics may be one of the factors contributing to the limited efficacy of these agents in 

the treatment of CRS. 

 

2.2 Introduction 

 

Despite the widespread use of antibiotics in the treatment of chronic rhinosinusitis (CRS), their 

efficacy for this indication remains debatable. There is increasing evidence that the repeated 

use of broad-spectrum antibiotics is associated with both microbial dysbiosis and the 

emergence of resistant bacterial strains (1, 7, 8, 36, 55, 92). The changes that occur in the 

sinonasal microbiota during oral antibiotic treatment in CRS patients are poorly understood, 

and the in vitro microbiological effect of antibiotics has not been correlated with clinical 

outcome measures. 

Chronic rhinosinusitis (CRS) represents a spectrum of disorders that result from a variety of 

immunopathological mechanisms that lead to persistent inflammation of the paranasal sinus 

mucosa. Its clinical classification in two broad groups: CRS with nasal polyps (CRSwNP) and 
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CRS without NPs (CRSsNP) provides insight into the severity of disease, extensiveness of 

surgery required, and the efficacy of medical therapies. On a cellular level, both of these 

phenotypes are characterized by epithelial disruption, ciliary dysfunction, mucus gland 

hyperplasia, bacterial overgrowth and the formation of biofilms (3). The role of microbes in 

the pathogenesis of CRS is largely unknown, but bacteria probably contribute to the persistence 

and severity of the disease (2). The International Consensus Statement on Allergy and 

Rhinology recommends the long-term use of oral macrolides (four weeks or more) as an option 

in the treatment of CRS without nasal polyps (CRSsNP) on the basis that they have shown at 

least temporary benefit in some studies,  reducing endoscopy scores and improving (12). 

Although clear recommendations do not exist yet regarding the use of doxycycline due to 

paucity of data, a reduction in polyp size with doxycycline for three months been demonstrated 

in a single randomized trial in patients with nasal polyps (CRSwNP) following a 20 day course 

of treatment (92). However, no difference has been found in patient-reported outcomes. The 

benefit of a short-term period (<3 weeks) of oral antibiotics is particularly unclear (12). Several 

studies report that a short-term use of antibiotics from various antibiotic classes improve 

clinical symptoms such as nasal discharge and nasal blockage but there is a lack of clinical 

trials showing a direct benefit in improving the patient’s intraoperative condition (6, 11, 93).  

The extent to which drug distribution to the sinonasal mucosa influences the efficacy of oral 

antibiotics in patients with CRS remains largely undefined. In vitro bacterial susceptibility 

testing does not take into account the pharmacokinetics of the antimicrobial agent and the  

variability in drug distribution to various sites in the body (94). However, few studies have 

used analytical methodologies to accurately determine sinonasal concentrations of antibiotics 

used in CRS, particularly those from the macrolide and tetracycline groups (25, 30, 33, 34). 

Although these studies have suggested a therapeutic concentration of antibiotics greater than 
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reported minimum inhibitory concentrations (MIC) was achieved, there is little evidence 

supporting their efficacy in vivo. 

This randomized control trial aimed to determine the concentrations of two commonly 

prescribed antibiotics, doxycycline and roxithromycin, in the sinonasal mucus, serum and 

sinonasal tissues of CRS patients following a one-week course. Further analysis was performed 

on a subset of five patients, initiating an investigation into the relationship between drug 

concentrations and patient-specific antibiotic susceptibility from measured MIC’s of sinonasal 

bacteria with dominant growth. The data presented in the sub-analysis are part of an ongoing 

study aiming to test our hypothesis that MIC’s may have limited relevance to CRS patients in  

the setting of biofilms. 

 

2.3 Materials and Methods 

 

2.3.1 Study design and sample collection 

Table 1: Demographics, disease state and clinical scores of study cohort 

*One patient in this group was unable to have specimens obtained in the operating theatre due to 

logistical reasons on the day therefore sinonasal microbiological data and drug measurements at the 

second time-point were not available for this patient. An additional patient was recruited into the 

roxithromycin group in order to obtain a complete data set for 10 patients. M = males, F = females, 

CRSwNP = CRS with nasal polyposis, CRSsNP = CRS without nasal polyposis, n. = number 

Treatment 

group 

M  

(n=) 

F  

(n=) 

Median 

age 

(range) 

CRS

wN

P 

CRS

sNP 

Average n. 

of 

antibiotic 

courses in 

12 months 

(range) 

Median 

Lund 

Macka

y score 

(range) 

Median 

baseline 

SNOT-

22 score 

(range) 

Median 

baseline 

MLK 

score 

(range) 

Doxycycline 6 4 

35  

(21-73) 6 4 

2 

(0-5) 

13 

(5-19) 

49 

(12-72) 

6 

(2-8) 

Roxithromyc

in* 7 4 

52  

(26-72) 6 5 

3  

(0-7) 

14  

(7-24) 

49 

(19-78) 

6  

(3-10) 
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Twenty subjects undergoing functional endoscopic sinus surgery (FESS) for extensive bilateral 

CRS were recruited for this study (Table 1). This clinical population was deemed most suitable 

for the measurement of antibiotic concentrations in various tissue sites which could be sampled 

at the time of their operation.  

Patients aged <16 years, with acute exacerbations, smokers, or who had been prescribed oral 

antibiotics or systemic corticosteroids during the four weeks prior to recruitment were 

excluded.  Patients with a diagnosis of cystic fibrosis, fungal sinusitis, chronic kidney disease, 

impaired liver function, immunodeficiency, congenital mucociliary problems, systemic 

vasculitis, and granulomatous disease, chronic gastrointestinal inflammatory or immune-

mediated diseases were also excluded. This study was approved by the New Zealand Health 

and Disability Ethics Committee (17/NTB/228) and written informed consent was obtained 

from all participants. This study is included in the Australian New Zealand Clinical Trials 

Registry (ACTRN12618000436279). 

Eligible patients were randomised using a random number generator to one of two groups: 1) 

doxycycline (100 mg orally with food daily for seven days) 2) roxithromycin (300 mg orally 

at least 30 minutes before food daily for seven days). Patients were diagnosed according to the  

European Position Paper (EPOS) definition of CRS (95). Patients started their medications 

seven days before surgery, taking one dose every morning up to and including the morning of 

surgery. All patients were recruited during a pre-operative consultation fewer than four weeks 

before FESS surgery (timepoint 1). During FESS, multiple specimens were collected from the 

patients in the medication groups (timepoint 2).  Samples collected included blood, bilateral 

middle meatal mucus samples, inferior turbinates, and ethmoid bulla mucosa. Baseline 

rhinosinusitis symptoms (96) (SNOT-22), nasal endoscopy (97), radiological Lund-Mackay 

scores (98) and patient demographic data were collected at timepoint 1 (Table 1). Nasal 
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endoscopy scores were derived from the Modified Lund-Kennedy System (MLK) for polyps, 

discharge, and oedema on a scale of 0–12 (97). 

One patient underwent limited FESS (bilateral uncinectomy, middle meatal antrostomy, 

anterior ethmoidectomy) and the remaining underwent comprehensive FESS including 

ethmoidectomy, sphenoidectomy, and frontal sinus dissection. Three of these were revision 

operations and four of them included frontal sinus drill out surgery. Patients were not blinded 

due to the objective nature of the study outcomes and it was felt that this would maximize 

patient compliance. Study investigators conducting drug assays required knowledge of the drug 

since the assays were drug- specific. All other study investigators were blinded. Patients were 

asked to keep their medication packets which were checked for compliance during the 

consultation at timepoint 2. In accordance with standard treatment for CRS, all patients 

continued to use daily topical corticosteroid nasal sprays and performed regular sinonasal 

saline lavage, excluding the day of FESS surgery. 

Samples were collected in the operating room prior to the application of topical 

vasoconstrictors and anaesthetic solutions. Undiluted nasal mucus from both sides of the 

sinonasal cavity were obtained by aspiration and collected in a mucus trap extractor. The 

extractor was weighed before and after the collection of mucus in order to calculate the weight 

of sample collected for each patient. The ethmoid bullae and inferior turbinates were resected 

bilaterally using standard surgical techniques as part of the standard FESS procedure and the 

specimens were collected as tissue samples. Blood was withdrawn using a 4 mL serum tube 

without clot activator. All sinonasal specimens and blood specimens were transported on ice 

to the laboratory within 2 h. Blood was centrifuged in order to retain the serum component for 

storage. All specimens were stored at -80 °C until drug assay.  
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2.3.2 Determination of antibiotic concentrations by LC-MS/MS 

 

A sensitive liquid chromatography-tandem mass spectrometry (LC-MS/MS) assay was 

employed to determine antibiotic concentrations in human sinonasal mucus, tissue, and serum. 

Samples were separated with a Luna C18 column (Phenomenex, CA, USA) and antibiotic 

levels were detected with a triple-quadrupole mass spectrometer using electrospray ionization 

in positive mode and multiple reaction monitoring. QTRAP® 6500 and API 4000™ systems 

(SCIEX, MA, USA) were employed for doxycycline and roxithromycin, respectively. 

Methacycline was used as the internal standard (IS) for doxycycline and clarithromycin was 

used as the IS for roxithromycin.  

Assay validation 

Partial method validation was carried out using drug-free serum and sinonasal samples 

collected from volunteers in Auckland Hospital, New Zealand. These were FESS patients who 

were not study participants and had given written consent independent from the study to have 

tissue that was surgically removed as part of their planned operation collected for scientific 

research purposes. Their surgical intervention was not altered in any form for the purposes of 

collecting samples for this study.  

Due to limitations in the volume of blank (drug-free) samples available, a partial validation 

method was conducted with at least three separate analytical runs testing precision and 

accuracy on different days using different instruments. Blank samples were analysed to ensure 

the absence of the drugs of interest as well as the IS. Calibration curves were prepared to assess 

linearity, precision, and accuracy (range for roxithromycin = 0.005-25.60 ug/mL; doxycycline 

= 0.80-4096.00 ng/mL). Linearity was verified by visual inspection and coefficients of 

determination (R2) of calibration curves were determined. Precision and accuracy were deemed 

acceptable if measured values were within ± 15% of the actual values (± 20% at the lower limit 
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of quantification, LLOQ). Four levels of quality control (QC) samples (LLOQ, low – 3 × 

LLOQ, medium – 50% of range, and high – 80% of upper limit of quantification) in duplicate 

qualified for the quality control of patient sample analysis. The QC samples were divided over 

the run so that the accuracy and precision of the whole run was ensured. 

Full validation determining matrix effects and % extraction recovery were not performed due 

to technical constraints. Similar structural analogues were used as IS. Based on the previous 

methods employed in the laboratory (Zenith Technology Corporation, New Zealand), an 80-

100% recovery is estimated for each compound in each biological matrix following 

deproteinization. In addition, the determination of both drugs in these biological matrices was 

reliable and reproducible during partial validation according to pharmaceutical guidelines (99-

101).  

Serum sample preparation 

Serum sample preparation for the determination of doxycycline concentrations involved 

deproteinization of 50 µL of the serum sample with 250 µL ACN (acetonitrile), drying the 

sample under a stream of nitrogen before reconstitution of the sample with 150 µL 

ACN:purified water (15:85, v/v) and 0.1% formic acid (150mL ACN, 849mL purified water, 

1mL formic acid). Serum sample preparation for the determination of roxithromycin 

concentrations involved deproteinization of 100 µL of the serum sample with 300 µL ACN 

before 50 µL of the supernatant was diluted with 950 µL ACN:purified water (30:70, v/v) and 

0.1% formic acid (300mL ACN, 699mL purified water, 1mL formic acid). 20 µL of the 

prepared serum samples were injected into a LC-MS/MS system. 

Mucus and sinonasal sample preparation 

Once thawed, samples were treated as 1g/ml. Mucus samples were diluted 10-fold in methanol: 

purified water (50:50, v/v) before being treated as per serum samples for sample preparation. 
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Tissue samples were diluted 10-fold in ACN: purified water (50:50, v/v) and 0.05% formic 

acid (500mL 50% ACN, 499.5mL purified water, 0.5mL formic acid) before being 

homogenized with an ULTRA-TURRAX T8 (IKA) homogenizer at 15000 rpm at room 

temperature for 2 minutes. The samples were ultrasonicated for 1 minute and centrifuged at 

3500 rpm for 5 minutes at 4°C. Deproteinization and reconstitution of the tissue samples was 

then performed as for serum samples depending on the drug of interest before analysis. 

 

2.3.3 Subgroup analysis of bacterial isolates and their antibiotic susceptibilities  

 

A random block of five patients taking either doxycycline or roxithromycin had further samples 

taken for bacterial culture analysis and antibiotic susceptibility testing. This included a right-

sided middle meatus swab at timepoints 1 and 2 as well as a right-sided ethmoid bulla tissue 

sample at timepoint 2. The presence or absence of Staphylococcus aureus and beta-haemolytic 

Streptococci on these samples were reported using colonial appearances and confirmed using 

Matrix-Assisted Laser Desorption/Ionization-Time of Flight (MALDI-TOF). All other 

organisms were only isolated for genus identification using MALDI-TOF if they were 

considered a dominant organism. A dominant organism grew two times more than the other 

organisms present. Growths were defined as light (growth only in the initial inoculum), 

moderate (growth in the initial inoculum and streak lines but not over the entire plate) or heavy 

(growth over entire plate). Dominant isolates were also subcultured before testing the minimum 

inhibitory concentration required to inhibit the growth of 90% (MIC) of all identified 

organisms within the isolate to doxycycline, erythromycin, and amoxicillin-clavulanic acid. 

This was performed using MIC strips (Liofilchem®) according to manufacturer instructions. 

Bacterial susceptibilities were interpreted using the European Committee on Antimicrobial 
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Susceptibility Testing (EUCAST) criteria (102). Erythromycin was selected over 

roxithromycin as the closest macrolide drug due to the unavailability of roxithromycin test 

strips.    

 

2.3.4 Statistical analyses 

 

Significance levels were set to p<0.05 (two-sided). Patient data were summarised descriptively, 

for continuous and categorical variables. The student’s t test was applied to analyse differences 

in continuous variables between groups. The chi-squared test was similarly used for categorical 

variables.  

 

2.4 Results 

 

All patients complied with trial protocol and completed the study. There were no statistically 

significant differences in gender, age, disease type (CRSwNP vs. CRSsNP), presence of 

asthma, baseline clinical scores (Lund-Mackay, MLK, SNOT-22) or number of antibiotic 

courses taken in the 12 months preceding recruitment between both patient groups (Table 1).  

 

2.4.1 Assay validation  

 

The calibration curves for both roxithromycin and doxycycline were linear over the 

concentration range used. The R2 values for all calibration curves were greater than 0.99. Three 
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separate analytical runs were performed testing precision and accuracy on different days. These 

consisted of six determinations of the LLOQ, low QC, medium QC, and high QC except for 

tissue samples where four analytical runs were performed due to a higher availability of drug-

free tissue. The intra-day and inter-day accuracy and precision was within 15% for all values 

using the analytical methods described. 

 

2.4.2 Drug penetration in sinonasal mucus and tissue 

 

Mean antibiotic concentrations and penetration are summarized in Table 2 and Figure 1. The 

median time of specimen sampling from the last dose of medication was 6.5 h (range, 2-15). 

There was no correlation between time of sampling to drug concentration in the serum, mucus 

or sinonasal tissue specimens. The mean concentrations (± SD) of doxycycline detected were 

– serum: 1.6 ± 0.9 µg/mL (range, 0.5-3.0); mucus: 0.27 ± 0.18 µg/mL (range, 0.09-0.69); 

turbinates: 1.4 ± 0.48 µg/mL (range, 0.49-2.1); ethmoid bullae: 1.6 ± 0.5 µg/mL (range, 0.7-

2.4). The mean concentrations (±SD) of roxithromycin detected were – serum: 4.3 ± 1.1 µg/mL 

(range, 2.0-5.5); mucus: 1.6 ± 1.7 µg/mL (range, 0.1- 4.8); turbinates: 2.8 ± 0.9 µg/mL (range, 

0.9-4.3); ethmoid bullae: 2.6 ± 1.1 µg/mL (range, 0.7-4.8).  

 



26 

 

 

Figure 1. Antibiotic concentrations in the serum, mucus and different sinonasal tissue sites in the 

doxycycline (a) and roxithromycin (b) groups. Box and whisker plots present median lines, range, and 

interquartile range. 

 

In the doxycycline group, the mean mucus-to-serum ratio was 0.16 (range, 0.08-0.67). This 

difference was highly statistically significant (p<0.001). The mean mucus-to-tissue ratio was 

0.18 (range, 0.13-0.32) while the mean tissue-to-serum ratio was 0.91 (range, 0.56-1.61). There 

were significantly higher levels of drug measured in the tissue compared to mucus (p<0.0001) 

but not compared to the serum (p=0.2). In the roxithromycin group, the mean mucus-to-serum 

ratio was 0.37 (range, 0.02-1.06). This difference was statistically significant (p=0.002). The 

mean mucus-to-tissue ratio was 0.60 (range, 0.03-1.51) while the mean tissue-to-serum ratio 

was 0.63 (range, 0.37-1.08). These differences were highly statistically significant (p<0.001).  
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There was no significant difference in drug concentrations between left and right sided 

sinonasal tissue specimens nor between specimens removed from different locations in the 

sinonasal cavity (ethmoid bulla versus inferior turbinate). 

 

Table 2. Mean antibiotic concentrations and penetration ratios. 

aThis patient had a much longer sampling time since their operation was scheduled for the morning 

and they were instructed to take the last dose of doxycycline with their meal the night before surgery. 

*p values apply to a comparison between drug concentrations at different sites, or the difference in the 

reported ratio from 1. 

 

2.4.3 Antibiotic susceptibilities of bacterial isolates  

 

 Doxycycline  p value* Roxithromycin  p value 

Time of sampling (hrs since 

last dose) ± SD 

8 ± 3  

(range, 6-15a)  

6 ± 3  

(range, 2-9)  

Serum concentration (µg/mL) 

± SD 

1.62 ± 0.91  

(range, 0.46-2.99)  

4.28 ± 1.12  

(range, 2.07-5.52)  

Mucus concentration (µg/mL) 

± SD 

0.27 ± 0.18  

(range, 0.09-0.69)  

1.60 ± 1.67  

(range, 0.08-4.76)  

Turbinate tissue concentration 

(µg/mL) ± SD 

1.38 ± 0.48  

(range, 0.49-2.05)  

2.76 ± 0.90  

(range, 0.85-4.29)  

Ethmoid bulla tissue 

concentration (µg/mL) ± SD 

1.59 ± 0.54  

(range, 0.68-2.42)  

2.62 ± 1.13  

(range, 0.72-4.83)  

Mucus-to-serum ratio 

0.16  

(range, 0.08-0.67) <0.001 

0.37  

(range, 0.02-1.06) 0.002 

Mucus-to-tissue ratio 

0.18 

(range, 0.13-0.32) <0.0001 

0.60 

(range, 0.03-1.51) <0.001 

Tissue-to-serum ratio 

0.91 

(range, 0.56-1.61) 0.2 

0.63  

(range, 0.37-1.08) <0.001 
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A subgroup analysis of bacterial isolates was performed in five randomly selected patients 

(Table 3). A light growth of S. aureus was identified in baseline swabs for two patients, which 

were susceptible to both doxycycline and roxithromycin. These patients (patients 6 and 16) had 

therapeutic concentrations of antibiotics in the mucus and tissue according to the susceptibility 

results and S. aureus was not detected in any of their post-drug samples. Two patients in the 

doxycycline group (patients 6 and 8) had bacteria predominating the culture plates (growing 

two times more than the other organisms present) for their post-drug samples despite one week 

of medication. These were moderate growths of Propionibacterium and Moraxella species 

respectively and were present despite both being susceptible to doxycycline. Serum, mucus, 

and tissue doxycycline concentrations for the two patients were at least two times greater than 

the measured MIC’s of the respective organisms.  

 

Table 3. Bacterial isolates cultured from random subgroup and respective bacterial 

susceptibilities to doxycycline, erythromycin, and amoxicillin/clavulanic acid. 

 

Patient 

# 

Drug Serum 

drug 

concn 

Mucus 

drug 

concn 

Mean 

tissue 

concn 

Bacterial 

isolate (MM 

swab at T1) 

MIC 

 

Bacterial isolate 

(Sample at T2) 

MIC 

 

6 D 2.67 0.25 1.82 Light growth 

S. aureus  

Dox = Sens. (0.125) 

Ery = Sens. (0.125) 

Aug = Res. (0.50) 

Moderate growth 

Proponiobacterium 

species (ethmoid 

bulla tissue) 

Dox = Sens. (0.064) 

Ery = Sens. (0.016) 

Aug = Sens. (<0.016) 

8 D 2.89 0.24 1.61 - - Moderate growth 

Moraxella species 

(MM swab) 

Dox = Sens. (0.125) 

Ery= Res. (0.75) 

Aug = Sens. (<0.016) 

15 R 3.58 3.80 3.85 -  - - 

16 R 4.32 1.33 2.52 Light growth 

S. aureus 

Dox = Sens. (0.064) 

Ery = Sens. (0.125) 

Aug = Res. (0.50) 

- - 

19 R 5.07 4.76 3.13 -  - - 
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D = doxycycline; R = roxithromycin; MM = middle meatus; MIC = minimum inhibitory 

concentration required to inhibit the growth of 90% of the organisms in the isolate; Dox = 

Doxycycline; Ery = Erythromycin; Aug = Augmentin (amoxicillin/clavulanic acid); sens. = sensitive; 

res. = resistant 

 

2.5 Discussion 

 

The results of this study suggest that the levels of doxycycline and roxithromycin in the mucus 

of patients with CRS is substantially lower than the level measured simultaneously in the 

sinonasal mucosa and serum. This finding may provide part of the explanation why antibiotics 

have not proven to be particularly effective in the treatment of CRS.  

Measuring antibiotic concentrations from paranasal tissue and mucus is challenging due to 

difficulties in various stages of bioanalysis related to small volume samples and the 

heterogeneous, protein-rich nature of the samples. Data for human sinonasal tissue and/or 

mucus concentration of various antibiotics commonly used for the treatment of CRS are 

lacking, particularly those from the macrolide and tetracycline groups, compared with 

fluoroquinolone and beta-lactam drugs (25, 30, 33, 34). 

The results from this study showed that doxycycline and roxithromycin concentrations in the 

sinonasal mucus were significantly lower compared to that in the serum. The mean ratios at 

steady state were 0.16 and 0.37, respectively. These values are comparable to those found in 

bronchial secretions in lung studies (103-106). However, much higher penetration in human 

nasal secretions is reported for other antibiotics that have been studied (21-25, 30, 33, 34). 

Notably, sinonasal secretion to blood ratios of other macrolides such as telithromycin, 

clarithromycin and azithromycin have been reported as ≥ 1.0 (25, 30, 33). Our results suggest 

that penetration of doxycycline and roxithromycin in sinonasal tissues were much higher 
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compared to that in the nasal mucus, although tissue levels were still ≤1.0 compared to serum,  

contrary to the results of existing studies of several different antibiotics (21, 22, 25-27, 29).  In 

one study of telithromycin, the ratio of the tissue-to-plasma for area under the curve (AUC) 

was 5.9 for nasal mucosa and 1.6 for ethmoid bone (25). Regardless of drug class, different 

antibiotics display high variability in tissue site versus intravascular ratios. Nevertheless, there 

are limitations in the interpretation and comparison of existing studies including small sample 

sizes, heterogeneity of study populations, specific antibiotic and dosage regimens, nasal 

sampling methods, time of sampling in relation to the time of dose, pharmacodynamic 

outcomes and methods of drug analysis.  

The analysis of drugs or their metabolites in extravascular compartments such as the mucus 

and mucosa can improve our understanding of penetration and likely efficacy at the site of 

disease (40). It is unclear whether the ability of an antibiotic to kill bacteria above MIC’s is 

more important at the tissue or mucus level within the sinonasal cavity, however existing 

respiratory pharmacokinetic studies conclude that epithelial lining fluid is the site where 

pathogenic bacteria reside (103-108). On the other hand, macrolides have been postulated to 

reduce airway inflammation via several immunomodulatory mechanisms within the respiratory 

epithelium including water-secreting suppression, improved mucociliary transport, and 

decreased airway neutrophil accumulation through a reduction in expression of pro-

inflammatory cytokines (109). 

Given that antibiotic intervention has not been proven to be generally effective in CRS and our 

results showing that concentrations in the sinonasal mucus were significantly lower compared 

to those in the serum and tissue we hypothesize that the mucus may be a more important target 

compartment for antibiotics. This is further supported by our findings suggesting that tissue 

antibiotic concentrations exceed the MIC90 for pathogens commonly associated with acute 

sinusitis and upper respiratory infection such as Staphylococcus aureus, Streptococcus 
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pneumoniae, Streptococcus pyogenes, Haemophilus influenzae and Moraxella catarrhalis 

(110-113). On the other hand, for the majority of patients the concentrations we found in mucus 

was less than the MIC of these species, with the exception of Streptococcus pneumoniae and 

Streptococcus pyogenes in the roxithromycin group (110-113). Roxithromycin also exceeded 

the MIC in mucus of  Corynebacterium spp., Lactobacillus spp. and Propionibacterium acnes 

(110), the presence of which may be important in maintaining a stable sinonasal bacterial 

community in CRS patients (1). The implications for diversity depletion and microbial 

dysbiosis should be considered when prescribing these broad spectrum antibiotics strains (1, 

7, 8, 36, 55, 92). Additionally, interpretation of the MIC may be misleading as many of the 

bacteria in the sinonasal mucosa may be living in biofilms and have a substantially higher 

resistance to antibiotics than the in vitro MIC against planktonic organisms would suggest (3, 

4, 9). This is supported by our small subgroup analysis of bacterial isolates in which two 

patients taking doxycycline were found to have moderate dominant growths of certain 

organisms despite susceptibility testing showing the MIC for doxycycline was exceeded. 

Furthermore, serum, mucus and tissue antibiotic concentrations for these patients were at least 

two times greater the MIC90 thresholds of the respective organisms.  

 

2.5.1 Limitations 

 

There are some limitations associated with this study. As the primary outcome of the study was 

to investigate drug distribution and whether tissue or mucus levels reached reported MICs’ of 

the antibiotic for common pathogens associated with CRS, clinical outcomes were not reported. 

However, major clinical changes were not expected with a brief course of antibiotics (95). A 

larger double-blinded study considering clinical outcomes with a longer period of medication 

would add important insights. Given the degree of inter-individual variation in drug 
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concentrations, a larger sample size would also allow further validation and generalization of 

the main study findings. Despite this, the findings of low sinonasal mucus penetration for both 

doxycycline and roxithromycin were highly statistically significant.  

A secondary analysis was performed on a subset of five patients adding objective 

microbiological data from bacterial swabs. This aimed to provide an insight into the 

relationships between drug concentrations, patient-specific MIC’s, and bacterial eradication. A 

follow-up study is required to establish these relationships, since our preliminary results 

support the hypothesis that MIC’s may have limited relevance to CRS patients in the setting of 

biofilms.  

Since samples for drug assays were obtained at the time of surgery, each subject was only 

available for one sample collection. To best overcome changing penetration ratios over time, 

sampling was performed at steady state. Methods in this study can be applied in future studies 

using serial nasal secretion collections to evaluate important pharmacodynamic indices linked 

to efficacy including the ratio of free drug area under the concentration-time curve (AUC) to 

MIC over a 24-hour period, and the ratio of maximum concentration to MIC.  

A drawback of drug concentrations reported from whole tissues or secretions is the assumption 

that antibiotics are uniformly distributed within tissue compartments (intracellular, interstitial, 

intravascular). Newly developed methods have been applied to a number of respiratory studies 

to evaluate the distribution of antibiotics across these compartments, which may represent 

different sites of infections. Future studies should evaluate intracellular levels of antibiotics in 

sinonasal secretions, since polymorphonuclear leucocytes and macrophages have a high uptake 

of macrolides and tetracyclines (105, 114, 115). Any differences among patient subgroups such 

CRSwNP compared to CRSsNP, where the penetration of drugs into polypoid tissue compared 

with non-polypoid tissue would be of additional interest. 
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This study does not evaluate the factors influencing drug penetration of antibiotics but 

considers them by using a prospective randomized control design. Drug penetration of 

antibiotics is dependent on both drug-related and host-related factors (103, 107, 108, 115). 

Inflammation may be an important factor as it increases the amount of tissue binding, which 

inhibits the movement of antibiotics across the mucosa into the mucus (115). Following a 

standard dosing regimen, a relatively larger unexplained variation is seen in the concentration 

of doxycycline in the serum and the concentration of roxithromycin in the mucus. Future 

studies should investigate how various covariates such as body weight and renal function 

contribute to the observed differences and whether individualisation of the dose is warranted. 

Individualisation is however further complicated by uncertainty regarding the target drug 

concentration in relation to the MIC. 

 

2.6 Conclusions 

 

The concentration of doxycycline and roxithromycin in nasal mucus was less than that in the 

sinonasal mucosal tissue or systemic circulation. Based on the MIC of individual bacterial 

species associated with CRS these were therapeutic in the tissue and serum but not in the 

mucus. However, effective distribution to the infection site cannot be assumed alone on 

predicted bacterial susceptibilities since antibiotic resistance is variable and microbes exist in 

complex communities that may increase their tolerance to antibiotics. Further research is 

required in order to determine the factors influencing drug penetration in the mucus, and more 

importantly whether this is clinically relevant.  
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CHAPTER 3. SINONASAL AND GASTROINTESTINAL 

BACTERIAL COMPOSITION AND ABUNDANCE ARE STABLE 

AFTER ONE WEEK OF ONCE-DAILY ORAL ANTIBIOTIC 

TREATMENT FOR CRS: A RANDOMIZED TRIAL 

 

3.1 Abstract 

 

3.1.1 Background 

Despite the widespread prescription of antibiotics for the treatment of chronic rhinosinusitis 

(CRS), their efficacy remains uncertain.  Limited penetration of systemic antibiotics into the 

sinonasal mucosa has been reported previously by this group. This study aimed to investigate 

the short-term effects of antibiotics on the sinus and gut microbiota as well as any relationships 

these had with drug distribution.  

 

3.1.2 Methods 

Thirty subjects undergoing functional endoscopic sinus surgery for CRS were randomized to 

one of three groups: 1) doxycycline (100 mg daily for seven days) 2) roxithromycin (300 mg 

daily for seven days) and 3) control (no antibiotics given). Sinonasal and stool samples 

collected before and after treatment were analyzed using 16S rRNA gene-targeted amplicon 

sequencing and Droplet Digital™ PCR for bacterial community composition and the 

quantification of bacterial DNA, respectively. 
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3.1.3 Results 

A lack of major bacterial community shifts or changes to bacterial diversity and load were 

observed following the treatment period in all patient groups. Non-significant trend reductions 

were observed in gut microbial diversity with antibiotic usage. For the roxithromycin group, 

sinonasal bacterial diversity was negatively correlated with serum drug levels and reduced 

overall compared to controls (p< 0.05). The relative abundance of Staphylococcus ASV129 in 

sinonasal samples reduced with increasing mucus doxycycline levels (p= 0.01). 

 

3.1.4 Conclusions 

Antibiotic prescription for CRS should be further investigated due to limited sinonasal drug 

penetration, unproven efficacy, and the potential impact of dysbiosis in the sinuses and off-

target sites. Further studies should consider distinguishing the presence of DNA from viable 

and non-viable bacteria. 

 

3.2 Introduction 

 

CRS represents a spectrum of disorders that result from a variety of immunopathological 

mechanisms that in turn lead to persistent inflammation of the paranasal sinus mucosa. The 

role of microbes its pathogenesis is still being defined, but bacteria are likely to contribute to 

the persistence and severity of the disease (2, 116). Despite the widespread prescription of 

antibiotics for the treatment of chronic rhinosinusitis (CRS), their efficacy remains uncertain 

(12, 62, 117-119). 
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The International Consensus Statement on Rhinosinusitis suggests the long-term use of oral 

macrolides (>8 weeks) as an option for the treatment of CRS without nasal polyps (CRSsNP) 

on the basis that this antibiotic class has shown at least temporary benefit in some studies, 

reducing endoscopy scores and improving symptoms (12, 62, 117-119). Due to the paucity of 

data, clear recommendations do not exist yet regarding the use of doxycycline. However, a 

reduction in polyp size with doxycycline has been demonstrated in CRS with nasal polyps 

(CRSwNP), with no accompanying difference in patient-reported outcomes (92). The benefit 

of a short-term period (<3 weeks) of oral antibiotics is particularly uncertain (12). However, 

some studies report that short-term use of broad-spectrum antibiotics improves symptoms such 

as nasal discharge and blockage (6, 11, 93).  

The required concentration at the target site of infection remains unknown since in vitro 

microorganism susceptibility testing does not take into account the tissue pharmacokinetics of 

the antimicrobial agent and the variability in drug distribution within the body (94). A recent 

randomized study published by our group (120) measured the concentrations of two commonly 

prescribed antibiotics, roxithromycin and doxycycline with once-daily dosing, in sinonasal 

tissue, mucus and serum of CRS patients. Antibiotic concentrations in the mucus were on 

average 6.25× and 2.70× lower compared to that in the serum for doxycycline and 

roxithromycin, respectively. Based on previously reported minimum inhibitory concentrations 

of bacterial species associated with CRS, measured antibiotic concentrations were not 

generally therapeutic in sinonasal mucus. However, adequate distribution of the drugs to the 

target site cannot be assumed alone on predicted bacterial susceptibilities given the added 

complexity of bacterial biofilm antimicrobial tolerance and the emergence of resistant bacterial 

strains (1, 7, 36). The progressive development of macrolide-resistant is particularly 

concerning for respiratory pathogens including S. pneumoniae and S. pyogenes, where 

resistance rates have surpassed 40% globally (121, 122).  
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There is increasing evidence that the repeated overuse of broad-spectrum antibiotics is 

associated with sinonasal microbial dysbiosis (1, 7, 123, 124). The non-target and cumulative 

effects of broad-spectrum antibiotics for the treatment of CRS have been understudied. In this 

randomized study, we aimed to provide further data to our initial study (120) demonstrating 

the effects of antibiotics taken once-daily on sinus and gut bacterial community compositions 

and abundances in CRS patients over a week. Secondly, we investigated relationships between 

microbiological data, clinical outcomes (nasal endoscopy scores and gastrointestinal 

symptoms) and antibiotic concentrations published in the initial report (120). 

 

3.3 Materials and Methods 

 

3.3.1 Patient recruitment and study design 

 

Thirty subjects undergoing functional endoscopic sinus surgery (FESS) for bilateral CRS were 

recruited for this study (Figure 1). Patients were diagnosed according to the 2020 European 

Position Paper (EPOS) definition of CRS (95). Patients aged <16 years, with acute 

exacerbations, smokers, or who had been prescribed oral antibiotics or systemic corticosteroids 

during the four weeks prior to recruitment were excluded.  Patients with a diagnosis of cystic 

fibrosis, fungal sinusitis, chronic kidney disease, impaired liver function, immunodeficiency, 

congenital mucociliary problems, systemic vasculitis and granulomatous disease, chronic 

gastrointestinal inflammatory or immune-mediated diseases were also excluded. 

Patients were randomized using a random number generator to one of three groups: 1) 

doxycycline (100 mg dose daily for seven days), 2) roxithromycin (300 mg dose daily for seven 
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days), and 3) control (no antibiotics given). All patients were recruited during a pre-operative 

consultation less than four weeks before surgery at timepoint 1 (T1). Patients started their 

medications seven days before surgery, taking one dose every morning up to and including the 

morning of surgery. The date of surgery was defined as timepoint 2 (T2). Patients completed a 

gastrointestinal symptom rating scale (GSRS) (125) and were assessed endoscopically at both 

T1 and T2 by their primary surgeon. Nasal endoscopy scores are derived from the Modified 

Lund-Kennedy System (MLK) for polyps, discharge, and oedema (97). Baseline rhinosinusitis 

symptoms (96) (SNOT-22), radiological Lund-Mackay scores (98) and patient demographic 

data were collected (Table 1).  

 

  

Figure 1. Study design. GSRS = Gastrointestinal Symptom Rating scale, MLK = Modified Lund 

Kennedy Score 
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Table 1. Demographics, disease state and average clinical scores of the study cohort. 

*One patient in this group did not have specimens obtained in the operating theatre therefore sinonasal microbiological data and drug measurements at the 

second timepoint were not available for this patient. An additional patient was recruited into the roxithromycin group in order to obtain a complete data set for 

10 patients. M = male, F = female, CRSwNP = CRS with nasal polyposis, CRSsNP = CRS without nasal polyposis, n. = number, T1 = timepoint 1, T2 = 

timepoint 2, SNOT-22 = Sinonasal Outcome Test, GSRS = Gastrointestinal Symptom Rating Scale 

Treatment 

group 

M  

(n=) 

F  

(n=) 

Median 

age 

(range) 

CR

Sw

NP 

(n=) 

CR

SsN

P 

(n=) 

Asthm

a 

(n=) 

Revision 

surgery 

(n=) 

Antibioti

c 

treatment 

in 

preceding 

3 months 

(n=) 

Average n. 

of 

antibiotic 

courses in 

preceding 

12 months 

(range) 

Median 

baseline 

Lund 

Mackay 

score 

(range) 

Median 

baseline 

SNOT-

22 score 

Median 

Modified Lund-

Kennedy score 

(range) 

Median GSRS 

score (range) 

T1 T2 T1 T2 

Controls 

5 5 57 

(17-74) 

7 3 4 1 2 2  

(0-5) 

17 

(10-24) 

43 

(20-68) 

8 

(3-12) 

7 

(3-12) 

20 

(16-37) 

19 

(15-31) 

Doxycycline 

6 4 35 

(21-73) 

6 4 4 2 3 2 

(0-5) 

13 

(5-19) 

49 

(12-72) 

6 

(2-8) 

5 

(2-12) 

21 

(15-48) 

23 

(15-38) 

Roxithromy

cin* 

7 4 52  

(26-72) 

6 5 3 1 4 3  

(0-7) 

14 

(7-24) 

49 

(19-78) 

6 

(3-10) 

6 

(3-11) 

17 

(15-30) 

17 

(16-35) 
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All study investigators, apart from the coordinating investigator and those conducting drug 

assays of biological specimens, were kept blinded to randomization until completion of the 

study. Patients were not blinded. In accordance with standard treatment for CRS, all patients 

continued to use daily topical corticosteroid nasal sprays and performed regular sinonasal 

saline lavage, excluding the day of FESS surgery.  

This study was approved by the New Zealand Health and Disability Ethics Committee 

(17/NTB/228) and written informed consent was obtained from all participants and in the case 

of a single participant aged <18 (16 years) in the company of his parents. This study is included 

in the Australian New Zealand Clinical Trials Registry (ACTRN12618000436279). 

 

3.3.2 Sample collection  

 

Sinonasal samples were collected in clinic (T1) and at the time of surgery in the operating 

theatre (T2) without the use of topical mucosal vasoconstrictors and anaesthetics. A pair of 

endoscopically guided swab samples were taken from the right middle meatus using sterile 

rayon-tipped swabs (Copan Diagnostics, Inc., Murrieta, CA) and stored immediately in nucleic 

acid preservative RNAlater. Swabs were discarded and retaken if contaminated by mucosa 

outside the target region. Sinus swabs were transferred to the lab immediately after collection, 

stored overnight at 4°C then transferred to -20°C until microbial analyses. OMNIgene®•GUT 

OMR200 (DNA Genotek, ON, Canada) stool kits were provided to each patient for self-

collection of stool samples at both timepoints. OMNIgene® stool samples were and transported 

to the laboratory under the recommended conditions. According to the manufacturer’s 

instructions, DNA was stabilized for storage under ambient conditions (-20°C to 50°C) for 60 

days. Once received in the laboratory, samples were stored at -80°C until microbial analysis. 
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3.3.3 Nucleic acids extraction and bacterial community sequencing 

 

Stool samples were thawed on ice then 250 µL of sample was aliquoted to a Lysis Matrix E 

bead tube according to the OMNIgene® protocol. DNA were extracted from stool samples 

using the same method as sinus swabs as previously described (126), except the bead lysis 

protocol was increased from 2x30 s at 2.9 m/s to 2x60 s to account for hard to lyse bacteria in 

gut samples. Additionally, the final elution volume was increased from 32 µL to 50 µL. 

Extraction kit controls using PCR-grade sterile water were processed with each extraction kit. 

All control samples were processed similarly to patient samples. The V3V4 regions of the 

bacterial 16S rRNA gene were amplified using the 341F-785A21 primers (127), purified using 

the AMPure bead protocol and sequenced on the Illumina MiSeq using 2x300 bp base pair, 

paired-end sequencing following a previously published method (126). Sequencing data are 

publicly available at NCBI under PRJNA659280 accession. 

 

3.3.4 Bioinformatic processing of sequencing data 

 

Raw sequence data were processed according to version 1.12 DADA2 pipeline in R statistical 

program (128, 129). Most parameters were kept as default, except primers were trimmed and 

‘truncLen’ was set to 280 bp and 240 bp for forward and reverse reads, respectively. Quality 

filtered sequences that were <300 bp or >430 bp were considered non-targets and removed 

from the dataset. Taxonomy was assigned to amplicon sequence variants (ASVs) using the 

Silva non-redundant v128 database (130). A series of filtering steps were then applied to the 
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dataset: ASV sequence counts detected in the negative controls were subtracted or removed 

from all samples, and non-target taxa were removed (retaining ASVs only assigned to the 

Domain Bacteria). Singleton ASVs were removed and the resulting data were then rarefied to 

4,000 counts per sample. Quality filtering and rarefaction excluded sinus samples from the 

following patients: 4(T1), 19(T2), 30(T1) and 31(T2). The final dataset for processing included 

2,043 taxon-assigned ASVs across 119 samples. 

Only samples with both T1 and T2 in the final ASV table were used in all downstream analyses 

unless otherwise noted. ‘Adonis’ analyses were applied to analyse partitioning of variation due 

to interpersonal differences, sample site (stool, sinus swab), treatment groups, and impact of 

recent usage of antibiotics (5-12 weeks prior to starting this study) in the experimental model 

using a Bray-Curtis dissimilarity matrix. The impact of recent antibiotic usage on baseline 

microbial community composition was analysed for T1 samples. Taxa plots were constructed 

using the ‘ggplot2’ version 3.3.0 package in R statistical program (129, 131). The ASV table 

was subset into sample type (sinus and stool), in order to analyze statistical differences for 

alpha diversity metrics and to analyze beta diversity. Samples were evaluated according to 

treatment group (doxycycline, roxithromycin, or control) and timepoint (T1 versus T2). Alpha 

diversity and richness metrics were calculated using the R package ‘phyloseq’. Beta diversity 

was visualized in non-metric multidimensional scaling (nMDS) plots by calculating Bray-

Curtis distance matrices for each set of samples in the R package ‘vegan’. In each nMDS plot, 

samples from the same patient were connected by a vector. The length of each vector was 

calculated, and the average vector length was calculated for each treatment group. Finally, 

statistical tests were conducted to evaluate ASVs which exhibited a significant change in 

relative abundance between treatment groups or antibiotic exposure. First, ASVs with <0.1% 

total relative abundance were removed from the subset data tables. For categorical variables 

with >3 groups, Dunn’s test with FDR-adjusted p-values (132). The student’s t test was applied 
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for categorical variables with two groups and ‘BH’ p-value corrections were applied. Box plots 

were constructed to visualize the relative abundance changes using ‘ggplot2’.  

 

3.3.5 Quantification of bacterial 16S rRNA gene copies 

 

Droplet Digital™ PCR (ddPCR) was used to measure absolute quantities of bacterial DNA in 

samples as previously described (133). Briefly, droplet generation, PCR amplification, and 

QX200 droplet readings were conducted using the QX200™ Droplet Digital PCR System and 

QuantaSoft™ Software according to the manufacturer’s instructions (Bio-Rad Laboratories). 

The V1V3 regions of the bacterial 16S rRNA gene were amplified using the primers 8F-341R. 

A positive control of S. aureus DNA and a negative control of 1X ddPCR buffer with PCR-

grade sterile water were included. Droplets were analyzed using the QuantaSoft™ Software 

according to the manufacturer’s recommendations. Manual thresholds were set for droplet 

counts; then the negative control values were subtracted from each sample. Final 

quantifications refer to bacterial 16S rRNA gene copies per microlitre of extracted DNA. 

Statistical analyses were conducted as described below. 

 

3.3.6 Determination of antibiotic concentrations by LC-MS/MS  

 

Drug levels were measured using liquid chromatography-tandem mass spectrometry in 

sinonasal mucus, sinonasal tissues and serum at steady state. Methods are detailed in a previous 

report (120). These results were analyzed in relation to bacterial community data and clinical 

outcome scores. 
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3.3.7 Statistical analysis 

 

Patient data were summarised descriptively, for continuous and categorical variables. For 

bacterial sequencing data alpha diversity and ddPCR analyses, a Shapiro-Wilks test was first 

conducted to assess normality, followed by Kruskal-Wallis rank sum test or analysis of 

variance (ANOVA) for non-normal and normally distributed data, respectively. A Wilcoxon 

rank sum test with continuity correction was applied to assess differences between stool and 

sinus sample bacterial loads. Dunn’s test or the Student’s t test with p-value adjustments (132) 

were applied to assess pairwise differences in the relative abundances of ASVs. The Student’s 

t test and chi-squared test were applied to analyze other differences between (or within) groups 

in continuous and categorical variables, respectively. Regression analyses were conducted to 

determine correlations between drug concentration, clinical scores (MLK and GSRS scores) 

and microbiological data (alpha diversity indices, relative abundance of ASVs and bacterial 

load). A value of p< 0.05 was considered significant for all statistical analyses. 

 

3.4 Results 

 

All patients complied with trial protocols and no patients withdrew from the study. There were 

no statistically significant differences in demographics, baseline clinical parameters or number 

of antibiotic courses taken in the 12 months preceding recruitment between all three patient 

groups (Table 1). Nine patients had antibiotic treatment in the 5 to 12 weeks preceding 

recruitment, with doxycycline or roxithromycin being the most prescribed. ‘Adonis’ results 
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indicated the largest proportion of variation could be attributed to interpersonal differences (R2 

= 36.7%, p = 0.0001), followed by differences between sample type (R2 = 19.2%, p = 0.0001), 

and a minor, significant interaction between sample type and treatment group was observed 

(R2 = 2.3%, p = 0.001). No significant influence of recent antibiotic usage on baseline microbial 

community composition (T1 samples) was observed (p > 0.05).  

 

3.4.1 Bacterial community composition  

 

Sinus samples were dominated by ASVs belonging to the bacterial phyla: Actinobacteria (47% 

± 28%, mean ± standard deviation), Firmicutes (33% ± 22%) and Proteobacteria (18% ± 30%). 

Stool samples were dominated by ASVs belonging to the phyla: Firmicutes (62% ± 13%) and 

Bacteroidetes (33% ± 14%). Genus plots are displayed in Figure 2. No significant differences 

in alpha diversity metrics for any treatment group between timepoints were observed within 

sinus or stool subset data (all p> 0.05). However, all alpha diversity and richness metrics 

suggested that stool samples which were exposed to antibiotic treatment (either doxycycline or 

roxithromycin) tended to have decreased alpha diversity compared to samples that were not 

exposed (control samples and T1 samples for antibiotic groups). This trend was not observed 

in the sinus sample data. 
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Figure 2. Bacterial community composition of (A) sinus and (B) stool samples at the genus level. 

Samples are labelled by patient (P) study number and timepoint (T1 or T2). Patients that had a sample 

removed from analysis during quality filtering i.e., sinus samples for patients 4, 19, 30, 31, were 

excluded from part (A). 

 

 nMDS plots did not reveal any apparent clustering of sinus or stool samples based on treatment 

Rather, a natural variability over the course of a week in the sinus samples of controls was 

observed. In addition, the control group and the roxithromycin group had significantly greater 

bacterial community shifts compared with the doxycycline group (p< 0.05). No significant 

differences between the three patient groups in the extent of bacterial community shift were 

observed for stool data (p> 0.05). 
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Significant changes in the relative abundances of individual bacterial assigned ASVs between 

T1 and T2 in sinus and stool samples were measured within treatment groups. The only 

significant change was detected in stool samples for the doxycycline group, where the mean 

relative abundance of Romboutsia ASV257 reduced from 0.1% to 0% (p= 0.05). When the 

antibiotic groups were compared with controls, further significant correlations were found with 

bacterial community data as shown in Table 2. Compared to the control group, doxycycline 

intake was associated with a reduction in the relative sequence abundance of Haemophilus 

ASV118 in sinus samples (p= 0.04). When compared to controls, roxithromycin intake was not 

associated with a reduction in relative sequence abundance of any ASVs in sinus samples, but 

a statistically significant reduction in Shannon diversity was observed (p= 0.05).   

 

Table 2. Significant correlations between antibiotic exposure and bacterial community data 

using the ANOVA test.  

Sample 

type 

ASV1  Diff. p-value 
(adjusted) 

Alpha-

diversity 

index 

Diff. p-value 
(adjusted) 

Sinus Doxycycline vs Control 

Haemophilus ASV118 

Rothia ASV574 

-0.005 

0.001 

0.04 

0.03 

-   

Roxithromycin vs Control 

- - - Shannon -1 0.05 

Stool Doxycycline vs Control 

Sutterella ASV178 

Romboutsia ASV257 

Negativibacillus ASV955 

0.005 

0.003 

0.0004 

0.04 

0.05 

0.04 

-   

Roxithromycin vs Control 

- - - -   

Diff. = average difference in change in parameter (T1 to T2) between treatment groups e.g., for 

Haemophilus ASV118 found in sinus samples, the relative abundance in the doxycycline group 
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diminished significantly on average compared to controls (difference = -0.005). The Shannon 

diversity of sinus samples in the roxithromycin group diminished significantly on average compared 

to controls (difference = -1). 1ASV = amplicon sequence variant 

 

3.4.2 Bacterial load 

 

Stool samples had a 590-fold higher bacterial load than sinus swab (middle meatus) samples 

(p < 0.0001). No significant differences were detected in the number of bacterial 16S rRNA 

gene copies within treatment groups between timepoints in either sinus or stool samples. 

However, the roxithromycin group sinus samples decreased from 11.8×104 bacterial 16S rRNA 

average gene copies at T1 to 2.3×104 at T2. This was not statistically significant (p = 0.14). 

 

3.4.3 Relationships between antibiotic concentrations with bacterial community data  

 

Antibiotic concentrations and mucus-to-tissue and mucus-to-serum penetration ratios are 

detailed in a previous report(120). Significant correlations between antibiotic concentration 

with bacterial community data and bacterial load are shown in Table 3. The relative abundance 

of Staphylococcus ASV129 significantly reduced in relation to increasing mucus 

concentrations of doxycycline (R= -0.86, p= 0.01). Positive significant correlations were seen 

with various ASVs in sinus samples in relation to mucus doxycycline concentration, which 

included a mix of commensal and potentially pathogenic bacteria (Campylobacter spp. and 

Fusobacterium spp.) of the aerodigestive tract. Fewer significant correlations were observed 

between roxithromycin concentrations and the relative abundance of ASVs in the sinus and 

stool samples. However, Fisher diversity and observed richness of sinus samples were 
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negatively correlated with serum roxithromycin concentrations (R= -0.78, p= 0.04 and R= -

0.76, p= 0.05 respectively) (Table 3).  

 

Table 3. Significant correlations between antibiotic concentration and relative sequence 

abundances of bacterial assigned ASVs, alpha diversity metrics and total bacterial load 

Antibiotic Site of 

drug 

concn 

* 

 ASV (R)  p-value 
(adjusted) 

Alpha 

diversity index 

(R) 

p-value 
(adjusted) 

Bacterial 

load (R) 

p-value 
(adjusted) 

Doxycycli

ne 

Serum - - Shannon 

(0.78); stool 

0.02 0.66; 

sinuses 

0.05 

Mucus Corynebacterium ASV871 (0.87) 

Staphylococcus ASV129 (-0.86) 

Fusobacterium ASV804 (0.85) 

Campylobacter ASV260 (0.82) 

Anaerococcus ASV482 (0.82) 

Anaerococcus ASV309 (0.80) 

0.01 

0.01 

0.01 

0.02 

0.02 

0.03 

- - - - 

 

Tissue - - - - - - 

Roxithro

mycin 

Serum Blautia ASV20 (-0.70); sinuses 0.05 Fisher (-0.78); 

sinuses 

Observed (-

0.76); sinuses 

0.04 

 

0.05 

-  

Mucus - - - - - - 

Tissue Blautia ASV20 (-0.71) 0.05 - - - - 

*Antibiotic concentrations measured in the mucus were correlated with the relative sequence 

abundances of bacterial assigned ASV’s, alpha diversity metrics and total bacterial load in both sinus 

and stool samples, while antibiotic concentrations measured in the sinonasal mucus and tissue were 

correlated with the same outcomes in sinus samples. R = regression coefficient estimate (between -1 

and 1)  

 

3.4.4 Clinical outcomes 
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No ASVs were associated with changes in clinical score (GSRS and MLK). The roxithromycin 

group exhibited a slightly worse GSRS score change compared with the control group (2.3 vs 

-1.9; p= 0.04). No other significant differences were observed within or between study groups 

for changes in clinical score overall. Regression analyses did not reveal any significant 

correlations between endoscopic scores (MLK) and antibiotic concentrations in the sinonasal 

mucus, tissue, or serum. No significant correlations were detected either between 

gastrointestinal symptom scores (GSRS) and serum antibiotic concentrations. 

 

3.5 Discussion 

 

Despite the uncertainty regarding the role of bacteria in the pathogenesis of CRS, antibiotics 

are frequently prescribed for patients with the intention to suppress pathogenic bacteria and 

reduce inflammation (134). Although the existing literature suggests therapeutic sinonasal 

concentrations of macrolides or tetracycline greater than reported minimum inhibitory 

concentrations (MIC) in vitro are achieved with standard dosing regimens, there is insufficient 

microbiological and clinical data to support their efficacy in vivo (21-25, 30, 33, 34). On the 

other hand, limited penetration of systemic doxycycline and roxithromycin into the sinonasal 

mucosa in CRS patients has been recently reported by this group (120). Based on reported 

minimum inhibitory concentrations, these results suggest that mucus levels of antibiotics are 

not generally therapeutic. This may be one of the factors contributing to limited efficacy in the 

treatment of CRS. 

The current study investigated the changes in sinonasal and gut microbiota in CRS patients 

after doxycycline or roxithromycin administration and their relationship with concentrations 

achieved in the serum, sinonasal mucus and tissue following a one-week course of therapy, 
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with a once-daily regimen. Clinical scores (MLK and GSRS) were secondary endpoints as 

major changes in clinical condition were not expected after one week of antibiotic use. The 

primary aim was to provide a better understanding of the effects of current medical 

management, including their adverse effects. 

Our results demonstrated no significant shifts in overall bacterial community composition, 

(diversity and richness) or reductions in bacterial load in the sinuses or stool following a one-

week course of doxycycline or roxithromycin. However, a natural variability over the course 

of a week in the sinus samples was observed within the control group, which was slightly 

greater than that of the doxycycline group. Previous studies have demonstrated considerable 

inter-individual variation in bacterial communities among CRS patients, often greater than that 

among healthy individuals (49, 51, 52), suggesting that a dysbiosis in the bacterial community 

could be a driving force behind the disease. In turn, higher intra-personal fluctuations in the 

bacterial community composition in CRS patients may reflect interactions between community 

members that try to maintain stability in a system in the face of chronic disturbances such as 

inflammation in CRS. In analyzing the relative abundances of individual bacterial assigned 

ASVs in each treatment group, few significant changes were detected in the sinuses and stool. 

Of note, there was a reduction in Haemophilus ASV118 with doxycycline compared to 

controls, while roxithromycin intake was associated with a reduction in diversity in sinus 

samples compared to controls. Although doxycycline is not commonly used to treat infections 

associated with Haemophilus spp., resistance rates are generally reported to be low (111). On 

the contrary, macrolide-resistant isolates of Haemophilus Influenzae are common (110, 111).  

When regression analyses were performed to evaluate the relationship between antibiotic 

concentrations at different sites and microbiota in the sinus and gut, various significant 

correlations were found with doxycycline concentrations in the sinus mucus, most notably a 

reduction in the relative abundance of Staphylococcus ASV120 which occurred with increasing 
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drug concentrations. Simultaneously, positive correlations were seen with several ASVs in 

sinus samples in relation to mucus doxycycline concentration, which included a mix of 

commensal and potentially pathogenic bacteria (Campylobacter spp. and Fusobacterium spp.) 

of the aerodigestive tract suggesting a possible dysbiotic effect. Although fewer significant 

correlations were observed between roxithromycin concentrations and the relative abundance 

of ASVs in the sinuses and stool samples, the diversity of sinus swab samples declined 

significantly with increasing serum roxithromycin levels. 

 

3.5.1 Clinical relevance 

 

Given that antibiotic intervention has not been proven to be generally effective in CRS and 

results from our previous study (120) demonstrating significantly lower drug concentrations in 

the sinonasal mucus compared to that in the serum and sinonasal tissue, it is possible that the 

mucus may be a more important target compartment for antibiotics. Yet in vitro and clinical 

studies of topical antibiotics suggest that the direct delivery of much higher drug concentrations 

are required to eradicate biofilm-forming bacteria that are linked with disease (9, 135, 136). 

The results from the current study are consistent with that of previous studies, which support 

the observation of a lack of major bacterial community shifts or reductions in bacterial load 

with antibiotic usage (49, 51, 52). Furthermore, for the majority of the patients, the 

concentrations measured in the mucus were less than the MIC90 for pathogens associated with 

acute sinusitis and upper respiratory infection (110-113, 120). Roxithromycin concentrations 

in the mucus also exceeded the MIC of  Corynebacterium spp., Lactobacillus spp. and 

Propionibacterium acnes (110), the presence of which may be important in maintaining a 

stable sinonasal bacterial community in CRS patients (1). This may have contributed to an 



53 

 

observed reduction in bacterial diversity of sinus samples with both roxithromycin intake and 

increasing serum roxithromycin levels.  

Just as dysbiosis is implicated in the development of CRS, it is implicated in inflammatory 

bowel disease, a spectrum of chronic inflammatory intestinal disorders by a dysregulated 

immune response to host intestinal microflora (60, 61, 137). Both drug-related factors (such as 

antibiotic class, timing of exposure or route of administration) and host-related factors appear 

to influence the alterations of human gut microbiota produced by antibiotics (58, 138). The 

potential for disruption of gut microbiota caused by oral tetracyclines and macrolides is under-

studied (36, 67, 137, 139, 140). In a large cohort study of Finnish children, macrolides were 

shown to induce long-term alterations of microbiota, particularly with reduction of 

Actinobacteria (mainly Bifidobacteria), Firmicutes (mainly Lactobacilli) and total bacterial 

diversity, as well as an increase of relative abundance of Bacteroidetes and Proteobacteria 

(67). Doxycycline is associated with a marked short-term decrease in Bifidobacterium diversity 

(140). 

Studies have shown that the taxonomic composition and structure of the bacterial community 

is highly variable in early life, and early exposure to antibiotics can have more profound effects 

on the gut microbiota (141-143). On the other hand, the gut microbiota of adults is a relatively 

stable community and shows considerable resilience to repeated antibiotic exposure (138, 144). 

In this study, we demonstrated the stability of the dominant human gut microbiota upon 

treatment with a one-week course of doxycycline and roxithromycin among twenty patients 

with CRS. Non-significant trend reductions were seen in gut microbial diversity. However, 

other studies demonstrate that the persistence of long-term alterations such as an increase in 

antibiotic resistance genes in some subjects can occur for four years or more following 

treatment (36, 55, 67, 145). 



54 

 

The small number of ASV changes associated with antibiotic intake and rising antibiotic 

concentrations did not translate to major clinical changes as assessed by endoscopic (MLK) 

and gastrointestinal (GSRS) scores. A slightly worse GSRS score was observed in the 

roxithromycin group, but this was only associated with a trend reduction in bacterial diversity 

which was not statistically significant.  

 

3.5.2 Limitations 

 

This study is likely underpowered, and greater patient numbers are needed to further establish 

any significant changes in bacterial communities and clinical responses as high inter- and intra-

individual variation was observed in all groups including the control. Higher dose regimens, a 

longer duration of systemic therapy and follow up would potentially demonstrate more 

pronounced and long-term impacts of antibiotics on the host and its associated microbiota. The 

evaluation of any differences among patient subgroups such as CRSwNP compared to CRSsNP 

would be of additional interest, where the penetration of drugs into polypoid tissue compared 

with non-polypoid tissue may differ. Participants with relatively recent antibiotic use, but at 

least more than four weeks prior to recruitment were included to better represent a true cohort 

of CRS participants, likely to be taking repeat courses of antibiotics frequently long-term. The 

potential for any recovery within a certain range is likely achieved during this time (138, 144-

146). However, future studies should endeavor to include CRS patients with limited antibiotic 

usage and healthy patients without CRS disease to control for disease and to investigate 

potential cumulative long-term alterations. 
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The methods applied in this study do not distinguish between viable and nonviable bacteria 

(147, 148). Future studies should consider treating samples with agents that remove non-

replicating cells so only actively replicating bacterial cells are examined.  

 

3.6 Conclusions 

 

A one-week course of doxycycline and roxithromycin at the investigated treatment dose did 

not contribute to any predictable community shift or immediate effect on bacterial load and 

diversity in the sinuses and gut. The low mucosal penetration of antibiotics may be an important 

factor contributing to the limited efficacy of these agents in the treatment of CRS. The small 

number of individual bacterial taxa changes that were associated with antibiotic intake and 

rising antibiotic concentrations did not translate to major clinical changes as assessed by 

endoscopic and gastrointestinal symptoms scores. For the roxithromycin group, sinonasal 

bacterial diversity was negatively correlated with serum drug levels and reduced overall 

compared to controls. These patients also had slightly less favorable gastrointestinal symptoms. 

Antibiotic prescription for CRS should be further investigated in larger studies due to unproven 

efficacy and its potential impact on the microbiome.  
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CHAPTER 4. QUANTIFICATION OF AIRFLOW IN THE 

SINUSES FOLLOWING FUNCTIONAL ENDOSCOPIC SINUS 

SURGERY 

 

4.1 Abstract 

 

4.1.1 Background 

Despite functional endoscopic sinus surgery (FESS) being the standard of care in medically 

recalcitrant chronic rhinosinusitis (CRS), its effect on sinus ventilation has not been fully 

characterized. Airflow simulations can help improve our understanding of how surgical 

strategies affect post-surgical sinus ventilation. 

 

4.1.2 Methods 

Eight postoperative sinonasal cavity models were reconstructed from a wide spectrum of CRS 

patients who had undergone FESS. Computational fluid dynamics modeling of steady-state, 

laminar, inspiratory airflow was performed. Ventilation was quantified and observed for all the 

sinuses in each model. 

 

4.1.3 Results 

Sinus aeration was enhanced following FESS, particularly in the maxillary and ethmoid 

sinuses. The degree of improvement was related to the extent of surgery performed. This 

finding was accentuated at a higher inhalational flow rate of 15L/min. The relationship between 
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ostium size and corresponding sinus inflow was stronger for the maxillary and sphenoid 

sinuses. Maxillary inflow reached 50% in a mega-antrostomy patient, while negligible flow 

occurred in the frontal sinuses for except one whom had undergone a modified Lothrop 

procedure. 

 

4.1.4 Conclusions 

This study has quantified sinus airflow in the largest set of post-FESS patients to date, to show 

that with increasing extensive surgery, the sinus and nasal cavity become more interconnected 

and functionally interdependent. Accordingly, sinus ventilation is improved. This may have 

important consequences for pre- and post-surgical assessment and planning, and on predicting 

how drug delivery treatments and devices can be designed to target the postoperative sinuses. 

 

4.2 Introduction 

 

Despite functional endoscopic sinus surgery (FESS) being the standard of care in medically 

recalcitrant chronic rhinosinusitis (CRS), current understanding of the post-FESS sinonasal 

cavity geometry and ventilation remains limited. In FESS, the goals are to open the obstructed 

sinus openings (ostia), to improve sinus ventilation and restore mucociliary clearance. While 

surgery alters anatomy, it does not directly address the inflamed mucosa that is not removed 

during surgery. Without long term topical postoperative medical management, patients may 

require revision surgery more frequently (149). Post-FESS patients have significantly altered 

anatomy and simulating airflow will improve our understanding of how surgical strategies 

affect post-surgical sinus ventilation, as well as help optimize drug delivery treatments and 
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devices to deliver medication to the sinuses. Although routine medical management of CRS in 

post-FESS patients relies on topical steroid treatment it is unclear how efficiently topical drugs 

reach the sinonasal mucosa.  

Studies of preoperative and healthy models suggested that sinus inflow before surgery is 

negligible (37, 80, 88-90, 150-152). A small number of computational fluid dynamics (CFD) 

studies have evaluated airflow and droplet distribution in post-endoscopic sinus surgery 

models, and these suggest that the exchange of air between the nasal passages and sinuses is 

significantly altered following surgery (35, 88-91). An unsteady flow simulation was 

performed on 2 postoperative patients, one of whom had a standard FESS procedure, and the 

other a modified endoscopic Lothrop procedure (MELP) (35). All paranasal sinuses were 

included in these models. Airflow velocity at the maxillary ostia was found to be much greater 

during inspiration in both subjects. The MELP patient also had significantly increased airflow 

at the frontal ostium. The increase in airflow velocity was mainly attributed to the larger size 

of the respective ostia after surgery. 

In this study, we used CFD techniques to investigate airflow in 8 postoperative sinonasal cavity 

models from 6 post-FESS patients. This is the largest series to date studying airflow in the 

entire post-operative sinonasal cavity. 

 

4.3 Materials and methods 

 

4.3.1 Patients 

 

Six patients with CRS who had bilateral FESS performed were included in this study (Table 

1). Eight postoperative sinonasal cavity models were reconstructed for CFD modeling from 
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either CT scans or MRI scans of these patients which were obtained retrospectively. MRI 

images were acquired according to a high-resolution imaging protocol (153). Patients 

underwent scans more than four months from their last surgery.  

 

Table 1. Patient demographics and surgical intervention.   

Patient Ethnicity Gender Age Sinonasal or 

airways 

disease 

Surgery Models 

(n=8) 

Imaging 

modality  

Timing of 

scan since 

surgery 

(months) 

Regular 

intranasal post-

operative 

medications 

1 South 

African 

F 31 CRSsNP Limited FESS: 

mini-MMA, 

partial ethmoid. 

A  CT >36 INCS, saline 

lavage 

Rev. comp. 

FESS, maxillary 

megaantros. 

B CT 17 

 

Saline lavage 

2 New Zealand 

European 

F 66 CRSwNP 

Bronchiectasis 

Limited FESS: 

wide MMA, 

partial ethmoid. 

C CT >36 INCS, saline 

lavage 

Rev. comp. 

FESS, maxillary 

megaantros. 

D CT 20 INCS, saline 

and xylitol 

lavage 

3 New Zealand 

European 

F 60 CRSwNP Comp. FESS E  MRI 9 INCS, saline 

lavage 

4 Indian F 44 CRSwNP 

Asthma 

Comp. FESS F MRI 6 INCS, saline 

lavage 

5 Tongan F 31 CRSwNP Comp. FESS G MRI 6 INCS, saline 

lavage  

6 New Zealand 

European 

M 27 CRS 

secondary to 

cystic fibrosis 

Multiple 

previous FESS, 

MELP, 

maxillary 

megaantros. 

H  MRI 4 INCS; saline 

and xylitol 

rinses, 

hypertonic 

nebulized 

saline, 

nebulized 

dornase alpha 

Comprehensive FESS = wide MMA (<2cm), frontal sinus dissection via agger nasi cells, 

ethmoidectomy and wide sphenoidectomy,  

Mini-MMA = miniature middle meatal antrostomy by partial uncinectomy; partial ethmoid. = partial 

ethmoidectomy; rev. comp. FESS = revision comprehensive functional endoscopic sinus surgery; 

megaantros. = megaantrostomy; MELP = modified endoscopic Lothrop procedure; CRSwNP = CRS 

with polyps; CRSsNP = CRS without polyps; INCS = intranasal corticosteroids 
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Patients 1 and 2 had a bilateral limited FESS as their primary operation. This consisted of a 

middle meatal antrostomy by partial uncinectomy with partial ethmoidectomy in patient 1 and 

wide middle meatal antrostomy (<2cm) with partial ethmoidectomy in patient 2. They 

subsequently required revision surgery with a bilateral comprehensive FESS (frontal sinus 

dissection via agger nasi cells, ethmoidectomy, and wide sphenoidectomy) with maxillary 

mega antrostomy due to persisting disease on clinical follow-up and CT scan. Following 

revision surgery, each of these patients underwent another postoperative CT scan in the follow-

up phase. At this time, they had negligible persisting sinonasal inflammation on endoscopy and 

scan. Two geometries were created for both patients 1 and 2: i) post-limited FESS ii) post-

revision comprehensive FESS and maxillary mega-antrostomy.  

Patients 3, 4 and 5 underwent a standard bilateral comprehensive FESS. This consisted of a 

wide MMA (<2cm), frontal sinus dissection via agger nasi cells, ethmoidectomy and wide 

sphenoidectomy. Patient 6 had a background of cystic fibrosis, and had undergone multiple 

operations for CRS, the most extensive being a modified endoscopic Lothrop procedure 

(MELP) and maxillary megaantrostomy in addition to a standard comprehensive FESS. 

Patients 3 to 6 had fully recovered, with negligible persisting sinonasal inflammation on 

endoscopy at the time of their scan.  

It was elected not to administer a nasal decongestant to ensure the closest correlation between 

clinical and radiological assessment and to reflect the most common state of breathing that 

patients experience in daily life. 

Written informed consent was obtained from all patients, and the study was approved by the 

New Zealand Health and Disability Ethics Committee. 
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Figure 1. 3D nasal cavity geometry for patients in the study with accompanying selected coronal 

sections.  

 

4.3.2 Sinonasal model reconstruction 

 

The scanned images were imported into a medical imaging software package, 3D Slicer® 

(BWH, MA, USA). After airway segmentation, smoothing and correction for artifacts, a three-

dimensional surface geometry of each patient’s sinonasal airways, including the outer nose and 

face was created (154). Each sinonasal cavity was separated into the following regions: septum, 

vestibule, main nasal passage (nasal valve to nasopharynx), frontal sinus, maxillary sinus, 

ethmoid sinus, sphenoid sinus, and nasopharynx. 

The 3D model was meshed with polyhedral cells with prism layers using ANSYS-Fluent®-

ver.19.2 (ANSYS Inc., PA, USA). The mesh quality was improved by moving nodes so that 

the maximum skewness in all models were less than 0.65. A mesh independence test was 

performed by comparing the velocity magnitude on six 2D-cross-sectional planes (155) of one 
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model and the minimum mesh cell size of 0.4mm for the optimum mesh was adopted across 

all models. This resulted in all models with optimized mesh between 1.5-2.2 million poly-

hexcore and prism cells. Two inhalation flow rates (5 L/min and 15 L/min) were used in to 

represent inhalation under resting and mild exercise conditions in adults.  

 

4.3.3 Sinus ventilation rate 

 

In this study, sinus ventilation rate (q) was calculated to quantify sinus penetration. An artificial 

surface (S) was imprinted at every sinus ostium to enclose the sinus cavity (Ω). A representative 

airflow pathline enters the sinus through a surface element at a point and then flows out of the 

sinus at another point with a surface element. The velocity vector entering the first point is F, 

the surface element normal vector is n, and the angle from n to F is θ. F is decomposed into 

components perpendicular (⊥) and parallel (‖) to n. The parallel component of F is the airflow 

proportion that enters the surface element, and the total sinus ventilation is the sum of all 

surface elements. 
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Fig 1. Sinus penetration measured by sinus ventilation rate 
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4.4 Results 

 

4.4.1 Streamlines 

 

Although geometries were different across the models, general trends in inhalation flow were 

observed. Figures 2 and 3a display representative findings in Model E (patient 3, 

comprehensive FESS) and Model H (patient 6, MELP and megaantrostomy). The general 

inhalation flow was separated into different flow streams that spread out in a superior or inferior 

direction (fig. 2). Most superiorly, the flow was directed upwards towards the ethmoid sinuses 

or towards the back of the maxillary sinus and the sphenoid sinus (fig. 2). The remaining flow 

occurred straight, along the septal wall into the nasopharynx. The degree of air flowing 

upwards towards the ethmoid sinuses was limited by the size of the internal nasal valve. With 

a smaller nasal valve, less air entered the ethmoid sinuses and more entered other regions. The 

most superiorly angled flow stream impinged on the ethmoidal roof and this directed it through 

the ethmoid sinus toward the sphenoid sinus. All flow that reached the sphenoid sinus had 

diminished greatly in velocity. Airflow usually entered the maxillary sinus from its 

posterosuperior aspect, recirculating inside before flowing out inferiorly. Velocity distributions 

for cross-sections of the internal nasal valve and each of the sinus ostia or sinus cavity openings 

are displayed for model E (comprehensive FESS) in figure 3b. 

Minimal to zero air entered any of the sinuses in both models of limited FESS surgery (models 

A and C). Negligible flow reached the frontal sinuses in any patient except patient 6 (model H) 

who had undergone MELP (fig 2b). In this patient, major differences were noted due to the 

absence of part of the septum. Significant flow was directed upwards and medially through the 
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septal window from the right nasal cavity, in the direction of the left ethmoid sinuses. Much 

less flow crossover occurred from the left to the right nasal cavity, compared to that from the 

right to the left nasal cavity due to the restriction of flow path by a narrower left internal nasal 

valve.  

 

Figure 2. Velocity path streamlines; inhalation flow rate = 15L/min (a) model E (comprehensive 

FESS) (b) model H (MELP and mega-antrostomy) 
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4.4.2 Sinus flow partitioning 

 

Results of flow partitioning in the sinuses for each model are displayed in figure 4 as stacked 

columns displaying airflow distribution between left and right cavities, and different models. 

Since air was able to recirculate from one sinus to another, and often traversed a sinus region 

before entering another, the aggregates of inflow from individual sinuses are not aggregates of 

the total inflow in the sinuses.  

Figure 3. Velocity magnitude contours for model E (comprehensive FESS); inhalation flow rate = 

15L/min (a) Velocity distributions in selected coronal and sagittal sections of the nasal cavity in 

coronal and sagittal planes (b) Velocity distributions at selected openings for model E 

(comprehensive FESS) displayed from left lateral aspect (pictured left) and from right lateral aspect 

(picture right); inhalation flow rate = 15L/min   

P1 = nostril; P2 = nasal valve; P3 = opening of maxillary sinus; P4 = opening of ethmoid sinus in 

axial plane; P5 = opening of frontal sinus; P6 = opening of sphenoid sinus 
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4.4.3 Relationship between post-operative geometry and sinus ventilation  

 

The correlation between the cross-sectional surface area of each sinus ostia or sinus cavity 

opening and corresponding sinus ventilation rate is displayed in figure 5. The trendlines show 

that a larger sinus ostium correlated with an increase in sinus inflow. This relationship was 

more accentuated at 15L/min and for the maxillary and sphenoid ostia. 

 

Figure 4. Individual sinus inflow (% of total airflow) (a) inhalation flow rate = 5L/min (b) inhalation 

flow rate = 15L/min. Since air was able to recirculate from one sinus to another, and air often 

traversed a sinus region before entering another sinus, the aggregates of inflow from individual 

sinuses are not aggregates of the total inflow in the sinuses. L= left; R = right 
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Figure 5. Ostium/sinus cavity opening surface area and sinus ventilation rate at inhalation flow rates 

of 5L/min and 15L/min. 

 

4.4.4 Maxillary ostia 

 

Model A (mini-MMA) had a near-zero maxillary sinus ventilation rate. Models C, E, F, G 

underwent wide MMA's. The ventilation rate was 11.3-40.5ml/s (4.5-16.2% total airflow) at a 

flow rate of 15L/min. For models B and D (mega-antrostomies) the ventilation rate was higher 

– 43.8ml/s-121ml/s (17.5-48.4% total airflow) at a flow rate of 15L/min. Although model H 

had undergone a MELP with bilateral megaantrostomies, the ventilation rate and percentage of 

total airflow in the maxillary sinuses were not higher compared to other models who had 

undergone a standard wide MMA. This was because the distribution of airflow in the ethmoid 

sinuses was higher. There was a positive linear correlation between the size of the maxillary 
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antrostomy and maxillary inflow. This was stronger at a flow rate of 15L/min (R2= 0.82) 

compared to 5L/min (R2= 0.78). 

The correlation between the cross-sectional surface area of each sinus ostia or sinus cavity 

opening and corresponding sinus ventilation rate is displayed in figure 5. The trendlines show 

that a larger sinus ostium correlated with an increase in sinus inflow. This relationship was 

more accentuated at 15L/min and for the maxillary and sphenoid ostia 

 

4.4.5 Ethmoid sinus cavity opening 

 

According to the streamline plots (fig. 2), airflow entered the ethmoid sinuses from the main 

flow stream in an upwards direction. As such, flow partition was studied in the axial plane. For 

all comprehensive FESS or revision comprehensive FESS models with a complete 

ethmoidectomy (models B, D, E, F, G), the ventilation rate was 4.3ml/s-51.4ml/s (1.7-20.5% 

total airflow) at 15L/min. For the MELP model (model H) ventilation in the left ethmoid sinus 

cavity was up to 79.5ml/s (31.8% total air inflow) at 15L/min flow rate. This was high due to 

a large amount of air crossover from the right nasal cavity to the left ethmoid sinus cavity 

through the septal window. Although model G had a comprehensive FESS with total 

ethmoidectomy, ventilation was as low as 4.3mL/s on the right and 9.3mL/s on the left. This 

variation contributed to an overall weak positive correlation between the area of the opening 

of the ethmoid sinus cavity and the ventilation rate. 

 

4.4.6 Frontal ostia 
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At 5L/min inhalation rate, frontal sinus ventilation was negligible for all models except model 

H (MELP; 5.1ml/s, right, 4.5ml/s, left), with both frontal sinuses receiving together 11.5% of 

the total airflow (fig. 4). At 15L/min, ventilation improved for model H (12.3ml/s on the right, 

11ml/s on the left). Both frontal sinuses still only received together 9.3% of the total airflow. 

Frontal sinus ventilation was also improved ipsilaterally to 3.5ml/s for the right frontal sinus 

in model B and 5ml/s for the right frontal sinus in model E. 

 

4.4.7 Sphenoid ostia 

 

Models A and C each had unoperated sphenoid sinuses and had negligible ventilation. For 

models that had undergone wide sphenoidectomy (B, D, E, F, G, H), sphenoid inflow was still 

minimal at a 5L/min flow rate, except for models E and H (up to 10.8ml/s ventilation rate; 

12.9% total air inflow). Models E and H had relatively wider sphenoid ostia (146.7-

177.7mm2). For most models that had undergone wide sphenoidectomy, sphenoid inflow 

improved at a flow rate of 15L/min. This was especially true for models E and H (up to 23ml/s 

ventilation rate; 9.2% total air inflow). There was a positive correlation between sphenoid 

ostium size and ventilation rate at 15L/min (R2= 0.781). 

 

4.5 Discussion 

 

This is the largest set of postoperative FESS models used to investigate sinus airflow. The 

models demonstrated streamline patterns and flow partitioning closely influenced by the type 

and extent of surgery. In general, streamlines traveled towards the ethmoid sinuses and 
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posterior aspect of the maxillary sinuses at the highest velocity. Whether they entered these 

regions depended on the extent of surgery in these regions. Frontal sinus ventilation was 

negligible except in model H (MELP) since it was limited by the narrow frontal ostia and by 

the path of the main flow stream. Once the air reached the sphenoid sinuses at the back of the 

nasal cavity its speed had diminished greatly. This meant that entry into the sphenoid sinus 

tended to be the second lowest (after frontal sinus inflow) across the models. This was slightly 

higher in one comprehensive FESS patient (model E) and the MELP patient (model H) but for 

these models, it was still less than 10% for any individual sphenoid sinus.  

For patients 1 and 2 who underwent limited surgery (models A and C), total airflow entering 

the sinuses was low (<10% in model A, <20% in model B). Following revision surgery with a 

comprehensive FESS and megaantrostomy (models B and D), sinus inflow improved 

significantly. This occurred particularly in the ethmoid and maxillary sinuses. Close to 50% of 

the total airflow reached the maxillary sinus on each side in model D and this can be attributed 

to the much larger size of the antrostomies.  

For models E, F and G (comprehensive FESS), airflow occurred mostly in the ethmoid and 

maxillary sinuses, with maxillary inflow being greater or equal to ethmoid inflow. Although 

each of these models reflected a similar operation, there was much variability in the amount of 

airflow in their respective sinuses. The greatest individual sinus inflow in model G reached 

only 7% (left maxillary sinus) compared to 27.7% in model E (right ethmoid sinus). This shows 

the varying effect that surgery can have on airflow in any individual. The amount of maxillary 

inflow overall was comparable to that in a study of maxillary airflow in four FESS patients 

whom underwent ipsilateral or bilateral FESS (88). In a steady state simulation, they found that 

both airflow rate and average airflow velocity in the maxillary sinus increased following 

surgery (88). These results were supported by another study of maxillary sinus topical drug 



71 

 

delivery following FESS (37). Drug delivery was improved in post-FESS models, particularly 

in those with larger antrostomies (37). 

Model H had undergone the most extensive surgery including a MELP and mega-antrostomies. 

The goal of the MELP procedure is to create a much wider frontal sinus drainage pathway by 

removing the frontal beak and frontal intersinus septum, in addition to the standard 

comprehensive FESS. Having a more open sinonasal cavity allowed the highest distribution of 

airflow into the sinuses compared to other models. Individual frontal sinus airflow reached up 

to 12.3ml/s (4.9% total airflow) whereas this flow was negligible in all other models. 

Nevertheless, this is minimal compared to airflow reaching other sinuses. In a study of a single 

MELP model, although airflow at the frontal sinus ostium was found to be up to four times 

higher during inspiration, ventilation was still only 8ml/s (35). Airflow entering the sinuses on 

the left in model H was much greater compared to that on the right, and this is mainly attributed 

to a large amount of air crossing over from the right nasal cavity to the left nasal cavity through 

the large septal window. Most of this airflow crossed over into the left ethmoid sinus cavity 

resulting in high left ethmoid sinus inflow (reaching up to 37.3%). This again demonstrates 

how surgery and postoperative geometry directly influences airflow. 

The correlation between ostia size and ventilation rate was strongest for the maxillary sinuses, 

a finding consistent with the existing literature (88). There was also a positive correlation 

between sphenoid ostium size and sphenoid inflow at an inhalation flow rate 15L/min. All 

other correlations were weak as an increase in ostium size would often produce very little 

change in inflow in the related sinus. 

 

4.5.1 Limitations 
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Preoperative and healthy models were not studied as a baseline comparison since existing 

literature suggests that sinus inflow prior to surgery is negligible (35, 37, 80, 88-90, 150, 156, 

157). Nasal airflow in healthy models has already been described (86, 150, 157). Although this 

study has relied on the geometry of a small number of patients with surgically treated 

symptomatic CRS, a broad spectrum of nasal geometry and surgery was represented, from 

patients having minimal surgery to very extensive surgery with a modified Lothrop procedure 

and megaantrostomy.  

Segmentation and the reconstruction of models suitable for airflow studies relies on accurate 

representation of bony cavities. The MR scanning protocol was able to image the entire 

sinonasal cavity with a high resolution (0.8mm isotropic) (153). The combination of parameters 

was sufficient to distinguish the air and soft tissue interface for the segmentation of the sinuses 

and ostia.  

Only inspiratory nasal airflow at a restful steady-state and a breath-hold state was considered 

in the present study as breathing state is the most common state we experience in daily life, 

and the respiratory cycle was considered by studying two inspiratory flow rates  (158). 

Although the effect of the physiological nasal cycle has not been simulated it is expected that 

there would be some form of alternating partial congestion and decongestion of each nasal 

chamber occurring. The aerodynamic consequences of this occurring on the mucosa of the 

turbinates is likely minimal since both inferior and middle turbinates are often reduced to create 

access for FESS surgery, as was the case for all patients in the study. On the other hand, a 

narrowing in the internal nasal valve was found to be a significant influencing factor in this 

study and characterized by a notched appearance in the dorsal anterior nasal cavity in the nasal 

chamber in some patients (fig. 1). Often this variation in geometry was asymmetrical between 

two sides, as especially evident in Models A, C, D and H (fig. 1), supporting an alternating 

cycle. Although further studies would be required to explore the extent of this impact on 
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airflow, variation was considered by including a number of patients and using bilateral airway 

models.  

 

4.6 Conclusions 

 

Following surgery, the nasal cavity and sinuses are more physically and aerodynamically 

interdependent. This means that an increase in inhalation flow produces an increase in sinus 

inflow, and conditions leading to an increase in inflow in one sinus will also lead to a reduction 

in inflow in another. In this manner, FESS greatly enhances sinus aeration. This was 

particularly evident in the maxillary and ethmoid regions. The extent to which this occurs 

generally depends on the patient's nasal geometry, such as the internal nasal valve size, or the 

sinus ostium size which is influenced by the type of surgery. But for unknown reasons, despite 

having similar surgery sinus inflow may not necessarily improve significantly for all patients. 

More information is also needed on the effects of FESS on nasal airflow turbulence, drying, 

heat transfer, and toxic inhalation. A larger cohort of CRS patients is required to validate and 

broaden the generalizability of our findings. 
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CHAPTER 5. PARTICLE DEPOSITION IN THE PARANASAL 

SINUSES FOLLOWING ENDOSCOPIC SINUS SURGERY 

 

5.1 Abstract 

 

Optimizing intranasal distribution and retention of topical therapy is essential in the 

management of patients with chronic rhinosinusitis, including those that have had functional 

endoscopic sinus surgery (FESS). Computational fluid dynamics analysis has not previously 

been used to investigate sinus nasal spray delivery in the complete post-operative sinonasal 

geometries of patients who have undergone FESS. Models of sinonasal cavities were created 

from postoperative magnetic resonance imaging scans in four patients, three of whom 

underwent a comprehensive FESS, the other a modified endoscopic Lothrop procedure. Spray 

simulations were conducted at different flow rates (5L/min, 10L/min, and 15L/min) using 

sixteen particle sizes ranging from 4µm-70µm, spray velocity of 10m/s and plume angle of 

15°. Two different spray insertion angles were compared. Airflow distribution in the sinuses 

was closely related to the patient’s nasal geometry and surgical intervention, in particular a 

unique crossflow between nasal chambers was present for the Lothrop patient. Sinus deposition 

was generally more effective with inhalational transport of low-inertia particles outside of the 

range produced by many standard nasal sprays or nebulizer. This was true except in the Lothrop 

patient, since previous surgery had been performed removing most of the septum where high-

inertia particles would normally deposit. For sinuses receiving minimal airflow, particle 

penetration was diminished and successful deposition in the region became more restricted by 

device parameters. Further research is needed to validate these findings and explore other spray 
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variables in a wider spectrum of patients to ascertain a multi-level approach to optimizing drug 

delivery in the sinuses. 

 

5.2 Introduction 

 

Chronic Rhinosinusitis (CRS) is a persistent inflammatory disease of the paranasal sinuses that 

is characterized by clinical symptoms that include a blocked nasal airway, nasal discharge, 

facial pain, headaches, and anosmia. Functional endoscopic sinus surgery (FESS) is performed 

on patients who fail to improve following medical treatment with antibiotics and 

corticosteroids. This includes systemic therapy and topical therapy by aerosolised nasal sprays 

(159). In FESS, the goals are to open the obstructed sinus openings (ostia), to improve sinus 

ventilation and to restore mucociliary clearance. While surgery alters anatomy, it does not 

address the inflammatory mediators contributing to the disease, and the patient must continue 

medication in the long-term, and where continued medication fails to help patients even after 

surgery, a secondary and more aggressive surgical intervention is prescribed. 

Despite the nasal sprays’ prevalent use, its therapeutic efficacy has yielded inconsistent results 

largely due to the variability of the spray parameters (68, 69), and patient airway geometries 

that are unique to each patient (70-73). The low efficacy is attributed to nasal sprays delivering 

large droplets travelling at high velocities (74, 75) leading to high inertial particles that deposit 

in the anterior nasal cavity (76-79)  thereby failing to navigate through the narrowed passages 

to reach the affected sinus mucosa.  

Additionally, the paranasal sinuses are empty space regions that extend outwards from the main 

nasal passage connected by small tube-like passageways (ostia) as small as 1mm in diameter, 
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presenting a further challenge for drug particles to enter the sinuses. The frontal and maxillary 

sinuses connect nearly perpendicularly to the airflow in the nasal passage, and as a result very 

little flow enters the sinuses (80, 81, 91). These challenges contribute to failed medical therapy, 

and a FESS can be performed in the case of persistent disease to create access for the 

application of topical drugs.  

In the past decade, computational fluid dynamics (CFD) simulations have been used to simulate 

nasal physiology and topical nasal drug delivery in healthy volunteers and patients with nasal 

airway obstruction caused by septal deviation, inferior turbinate enlargement and concha 

bullosa (160-164). These analyses frequently excluded all or most of the sinuses in the 

simulations as airflow within them was assumed to be negligible. However, this assumption 

cannot be made for post-FESS patients.  

Few CFD studies have evaluated airflow and droplet distribution in post-FESS models, and 

these suggest that the exchange of air between the nasal passages and sinuses is significantly 

altered following surgery (35, 37, 88, 89). The largest series to date examined changes in 

airflow in the maxillary sinuses in four patients in a steady-state simulation after ipsilateral or 

bilateral FESS (161). They found that both airflow rate and average airflow velocity in the 

maxillary sinus increased following surgery. These results were supported by a further study 

of maxillary sinus topical drug delivery in four patients following FESS (37). Drug delivery 

was improved in post-FESS models, particularly in those with larger antrostomies (37). The 

effect of surgical intervention on airflow and efficiency of drug deposition including all the 

paranasal sinuses has not yet been considered. 

In this study, we used CFD techniques to investigate airflow and particle deposition in the nasal 

passages and sinuses of four postoperative FESS patients. Simulations incorporated the 

complexity of their postoperative sinonasal cavities. The data presented in this study are part 
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of an ongoing cohort study using CFD to objectively analyse postoperative nasal physiology 

and optimize drug delivery after FESS. 

 

5.3 Methods 

 

5.3.1 Patients 

 

Four patients with CRS who had bilateral FESS performed were included in this study (Table 

1). Sinonasal cavity models were reconstructed for CFD modelling from either CT scans or 

MRI scans of these patients which were obtained retrospectively. MRI images were acquired 

according to a high-resolution imaging protocol (153). Patients underwent scans more than six 

months from their last surgery. Three patients (Patient A, B, C) had a history of a 

comprehensive FESS procedure including bilateral ethmoidectomy, sphenoidectomy, 

uncinectomy, inferior turbinectomy and wide maxillary antrostomy (<2cm). Patient D was a 

27-year old male with a background of cystic fibrosis and had undergone multiple operations 

in addition to a comprehensive FESS for persistent disease, the most extensive being a 

modified endoscopic Lothrop procedure (MELP) and medial maxillectomy. This patient has 

had extensive surgery including removal of a large portion of the septum superiorly as well as 

the lateral walls of the nasal cavity. Written informed consent was obtained from both subjects, 

and the study was approved by the New Zealand Health and Disability Ethics Committee. 
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Table 1: Patient demographics and surgical intervention.   

Patient Ethnicity Gender Age Surgery Models 

(n=4) 

Imaging modality 

for 3D model 

reconstruction 

1 New Zealand 

European 

F 66 Comprehensive FESS A CT 

2 New Zealand 

European 

F 60 Comprehensive FESS B MRI 

3 Indian F 44 Comprehensive FESS C MRI 

4 New Zealand 

European 

M 27 Multiple FESS, modified Lothrop 

procedure, medial maxillectomy 

D MRI 

Comprehensive FESS = wide MMA (<2cm), frontal sinus dissection via agger nasi cells, 

ethmoidectomy and wide sphenoidectomy 

 

5.3.2 Sinonasal model reconstruction 

 

The scanned images were imported into a medical imaging software package, 3D Slicer® 

(BWH, MA, USA). After airway segmentation, smoothing and correction for artifacts, a three-

dimensional surface geometry of each patient’s sinonasal airways, including the outer nose and 

face was created (154). Each sinonasal cavity was separated into the following regions: septum, 

vestibule, main nasal passage (nasal valve to nasopharynx), frontal sinus, maxillary sinus, 

ethmoid sinus, sphenoid sinus, and nasopharynx. 

The 3D model was imported into ANSYS-Fluent®-ver.19.2 and meshed into polyhedral 

elements. Prism layers were applied in near-wall regions to improve flow predictions at wall 

boundaries. The mesh quality was improved by moving nodes which produced the following 

metrics: minimum orthogonal quality to 0.43, maximum aspect ratio of 85.5, and maximum 

skewness = 0.65. A mesh independence test was performed by comparing the velocity 

magnitude on six 2D-cross-sectional planes following the method by Inthavong, Chetty (155) 
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and found an optimised mesh 1.8 million polyhedral and prism cells (8,015,998 faces, 

5,501,218 nodes).  

The geometries for all patients are shown in Figure 1. This study did not include the effect of 

spray bottle occluding the nostril. Basu, Frank-Ito (165) suggested functional redundancy of 

nozzle insertion in a 3D numerical model for identifying the optimal spray release locations, 

although Inthavong, Ge (166) and Calmet, Inthavong (167) included this geometry. 

 

 

Figure 1. 3D nasal cavity geometry for patients in the study with accompanying selected coronal 

sections. 

 

5.3.3 Fluid-particle simulation 

 

Three steady breathing conditions were used to represent constant volume flow rates in the 

range of an inspiratory breathing cycle i) 5L/min ii) 10L/min iii) 15L/min. Due to the low flow 

rates, the intranasal flow field was treated as laminar and incompressible. While applying a 

steady-state, laminar solver, full description of the entire physics of fluid flow is limited (e.g., 

capturing unsteadiness, and any possible Kolmogorov scales of flow). For the purposes of 

engineering and clinical outcomes, such high accuracy may not justify the intense and highly 
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demanding computational resources, especially when we need to perform many permutations, 

on multiple subjects. The presence of turbulence in the nasal airway is controversial, with 

studies suggesting laminar dominant flow behaviour for flows below 15L/min (168, 169). 

There is undoubtedly some form of disturbance in the flow, which may be caused by the 

unsteadiness of the flow. 

Reported data for nasal spray characteristics include initial particle velocities of 10-15m/s, and 

spray cone/plume angle of 20-40o  (74, 75, 170, 171). The Dv50 = 110µm (75) (median for 

a volume distribution), while others reported Dv50 = 42µm, (172) Dv50 = 42-86µm,  and Dv50 

= 31-42µm (173, 174). Based on these measurements, mono-dispersed aerodynamic particles 

(i.e. density of 1000 kg/m3), of sixteen particle diameters in the range of 4–70µm were 

evaluated.  

The initial particle velocity was 10m/s, and the full spray cone angle was 30o. Studies of the 

effects of spray release location and orientation found that the biggest influence was for 

insertion angles to the horizontal of ≤45° which was directed to the main nasal passage, 

allowing particles to penetrate the nasal valve (41, 175-177). In this study, the release location 

was approximately 1cm inside the nasal airway from the nostrils, and two insertion angles 

(to the horizontal) were used: 35o
 in orientation 1 and 11.3o in orientation 2. Table 2 

summarises the spray conditions/parameters used. Additional parameters that were not 

included were, initial particle velocity, spray plume cone angle, and insertion location, which 

could influence drug delivery, and is left for future work. 

The particle equation of motion was: 

 
𝑑𝑢𝑝

𝑖

𝑑𝑡
= 𝐹𝐷(𝑢𝑖

𝑔
− 𝑢𝑖

𝑝) + 𝑔𝑖(1 −
𝜌𝑔

𝜌𝑝
) (3) 
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The drag force 𝐹𝐷 is dependent on the drag coefficient 𝐶𝐷, which was defined in Morsi and 

Alexander (178)’s work: 

 𝐶𝐷 =
𝐹𝐷

1
2 𝜌𝑓(𝑢𝑓 − 𝑢𝑝)2𝐴

= 𝑎1 +
𝑎2

𝑅𝑒
+

𝑎3

𝑅𝑒2
 (4) 

where 𝑎1, 𝑎2 and 𝑎3 are empirical constants for smooth spherical particle over several ranges 

of droplet Reynolds number. A one-way coupled fluid-particle model was used, which 

involved simulating the airflow field first and then the trajectories of individual particles were 

calculated. Deposition was calculated individually for each particle size, and in this study, we 

used deposition by number count, which is equivalent to deposition by mass. 

 

Table 2: Summary of parameters investigated to determine influencing factors. 

 

 no. of 

parameters parameters 

Particle 

diameter (µm) 

16 4, 6, 8, 10 ,12 ,14, 16, 18, 20, 23, 26, 30, 40, 50, 70 

Insertion angle 2 11.3o and 35o 

Inhalation rate 3 5, 10, 15 

Geometry 4 Patient A – comprehensive FESS 

Patient B – comprehensive FESS 

Patient C – comprehensive FESS 

Patient D – modified endoscopic Lothrop procedure 

 

5.4 Results 

 

5.4.1 Airflow characteristics 
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5.4.1.1 Comprehensive FESS Patients 

Although geometries were different across the models (Figure 1), general trends in inhalation 

flow were observed. Figures 2 and 3 shows representative findings in Patient A expressed by 

velocity magnitude contours and path streamlines, respectively. The general inhalation flow 

was separated into different flow streams that spread out in a superior or inferior direction, 

divided by the middle turbinate projection. Most superiorly, the flow was directed upwards 

towards the ethmoid sinuses or towards the back of the maxillary sinus and the sphenoid sinus. 

The remaining flow occurred straight, along the septal wall into the nasopharynx. The most 

superiorly angled flow stream impinged on the ethmoidal roof and this directed it through the 

ethmoid sinus toward the sphenoid sinus. All flow that reached the sphenoid sinus had 

diminished greatly in velocity (slice y10, Figure 2). Airflow usually entered the maxillary sinus 

from its posterosuperior aspect, recirculating inside before flowing out inferiorly. There was 

no appreciable frontal sinus flow in any of the patients. 

The degree of air flowing upwards towards the ethmoid sinuses was limited by the size of the 

internal nasal valve as demonstrated in Patient A’s left nasal cavity (Figure 3). The narrowed 

internal nasal valve is caused by lateral nasal wall collapse and characterized by a notched 

appearance in the dorsal anterior nasal cavity (Figures 1 and 3). In Patient A, its cross-sectional 

area was half the size of the one on the right. When patients had a narrower nasal valve, the 

distribution of airflow was splinted superiorly. As a result, a smaller proportion of streamlines 

entered the ethmoid sinuses and were diverted into other regions in the nasal cavity or straight 

towards the nasopharynx. 
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Figure 2. Velocity magnitude contours at 10L/min in the coronal plane for Patient A with 

comprehensive FESS surgery. 
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Figure 3. Path streamlines at 10L/min for Patient A with comprehensive FESS surgery; (a) right 

chamber, (b) left chamber. 

 

5.4.1.2 Modified Endoscopic Lothrop Patient 

Cross-sectional slices in the coronal plane (Figure 4) display the extent of surgery undergone 

by the MELP patient (Patient D), the goal of which was to create a wider frontal sinus drainage 

pathway. This includes the absence of the floor of the frontal sinus, interfrontal septum (wall 
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separating the frontal sinuses) and most of the nasal septal wall. Despite this, frontal sinus flow 

on either side was still minimal. The most pronounced difference in Patient D was the presence 

of crossflow between sinonasal cavity chambers secondary to the absence of most of the 

septum. Significant flow was directed upwards and medially through the septal window from 

the right nasal cavity, in the direction of the left ethmoid sinuses. However, much less flow 

crossover occurred from the left nasal cavity to the right nasal cavity, due to the restriction of 

flow path by a narrower left internal nasal valve. 

 

 

Figure 4. Velocity magnitude contours at 10L/min in the coronal plane for Patient D with modified 

Lothrop procedure. 
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Figure 5. Path streamlines at 10L/min for Patient D with modified Lothrop procedure; (a) right 

chamber, (b) left chamber. 
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5.4.2 Particle deposition 

 

5.4.2.1 Inertial Parameter 

The particle deposition using the inertial parameter is based on inhaled particles. For this 

analysis, the same sixteen monodispersed particles (to be used for the nasal spray analysis) 

were released passively from the nostril inlet for three inhalation flow rates, 5, 10, 15 L/min, 

and for both patients. The resulting deposition efficiency for Patients A and D was compared 

against reported data in the literature shown in Figure 6 using the inertial parameter, 𝐼𝑃 = 𝑑2𝑄 

where d is particle diameter in microns, and Q is the flow rate in cm3/s. The deposition profiles 

exhibit the sigmoidal curve, characteristic of the deposition efficiency against the inertial 

parameter. The deposition curve for both patients show that it is further to the right compared 

with other reported data. 

 

Figure 6. Inertial parameter deposition for Patients A and D for naturally inhaled particles. Initial 

locations of particles released from nostrils is shown in the inset image. 
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5.4.2.2 Correlation Matrix – influence of particle diameter, flow rate, and spray insertion angle 

 

The deposition fraction on individual surfaces including each paranasal sinus, the nasal chamber 

and nasopharynx was recorded for each permutation of paired parameters (16 particle diameters, 

3 flow rates, and 2 spray insertion angles). Due to the large number of parameters, a correlation 

matrix analysis was performed for all patients to identify the correlation strength between any 

two parameters (Figure 7). The analysis provides a powerful indicator for small sampled, early 

staged data analysis. 

The most obvious correlations are found for the relationship between particle diameter and 

inertial parameter, leading to a proportional relationship with deposition (e.g. the inertial 

parameter and deposition relationship in Figure 6). The parameters contributing to an increase 

in deposition are revealed from the correlation matrix. For the comprehensive FESS patients 

(Figure 7a), the increase in total deposition occurs mostly in the nasal chamber surfaces (rather 

than the sinuses), while for the MELP patient (Figure 7b) the increase in deposition can be 

attributed to a greater extent by an improvement of deposition in the ethmoid and maxillary 

sinuses. An increase in particle diameter and inertial parameter correlated strongly with an 

increase in total deposition on the nasal chamber surfaces in all patients, but also with ethmoid 

deposition in the MELP patient. A wider spray insertion angle had a positive correlation with 

ethmoid and maxillary deposition in the comprehensive FESS patients (Figure 7a), and 

ethmoid and frontal deposition in the MELP patient (Figure 7b) While the flow rate didn’t 

show strong correlation with deposition, its parameter is embedded within the inertial 

parameter equation.  
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Figure 7. Correlation matrix showing the influence of study variables on regional deposition in the 

sinonasal cavity; (a) comprehensive FESS group (Patients A, B, C) (b) MELP patient (Patient D). The 

correlation ranges from -1 to 1, where -1 = negative correlation (blue), 1 = positive correlation (red). 

The strength of a correlation is relative to the circle size. The correlation matrix used Pearson’s 

correlation, and is symmetric since the lower triangle and upper triangle are simply reflections of each 

other. The parameters are: diam – particle diameter; dep – overall deposition; ethmoid – ethmoid 

deposition; sphenoid – sphenoid deposition; frontal – frontal deposition; sinus – overall sinus 

deposition; chamber – deposition in the nasal cavity excluding the sinuses and nasopharynx; nasoph – 

nasopharynx deposition; IP – inertial parameter; flow – inhalational flow rate; angle – spray insertion 

angle 

 

5.4.2.3 Regional deposition efficiency 

 

The deposition fraction of spray particles was calculated for the left and right sinonasal cavities 

in all patients with an airflow rate of 5L/min, 10L/min and 15L/min with different sized 

particles (4-70μm) in two different spray insertion angles (11.3o and 35o). Averaged results for 

these parameters are displayed in Figure 8 for the comprehensive FESS group while the results 

for Patient D (MELP) are displayed separately in Figures 9 and 10. Individual patient analysis 

revealed interindividual differences and differences between sides of the sinonasal cavity in 

the same patient. 
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In the comprehensive FESS group (Patients A, B, C), maxillary sinus deposition was poor with 

a narrow spray insertion angle of 11.3o (Figure 8). When a wider spray insertion angle of 35o 

was simulated, deposition improved. Smaller particles (10-30μm) had better maxillary 

deposition, reaching 36% in Patient A. The presence of ethmoid deposition was generally 

minimal (Figure 8) and only occasionally improved slightly with larger particles (70μm) as 

well as a wider spray angle (35o). An exception to this occurred in Patient B, whom had up to 

29% ethmoid deposition on the right side at higher flow rates (10L/min, 15L/min) when a wider 

spray angle (35o) was applied. This led to some skewing of the mean results displayed in Figure 

8. Average sphenoid sinus deposition was also relatively minimal for the comprehensive FESS 

group (Figure 8). It was generally better in the lower particle size range (10-20μm). Frontal 

sinus deposition was negligible for all comprehensive FESS patients.  

Since Patient D’s airway had a large portion of the nasal septum separating the left and right 

chambers removed as part of the MELP procedure, the airflow moved between each chamber 

(Figure 5). Figures 9-10 show the extent of contralateral particle deposition occurrence from 

each side. Maxillary sinus deposition (up to 21%) improved with smaller particles (20-30μm), 

while ethmoid sinus deposition (up to 42%) improved with larger particles (50, 70μm). For 

both these regions, much less deposition occurred with a right-sided spray, since a large 

fraction of spray particles were diverted by a high crossover of air airflow from right to left 

through the septum to the contralateral sinonasal cavity. On the other hand, sphenoid sinus 

deposition was generally better with a right-sided spray (up to 18%) but no trend was noted 

with particle size. Frontal sinus deposition on the same side as the spray was minimal (<1%). 

Contralateral sinus deposition was significant with right-sided spray administration occurring 

mostly in the sphenoid sinuses (up to 24%) and ethmoid sinuses (up to 25%). Contralateral 

frontal sinus deposition was observed only with right-sided spray administration when a wider 

spray insertion angle was used (35o) and was best with smaller particles (10-20μm). 
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Figure 8. Average spray deposition efficiency for comprehensive FESS (Patients A, B, C). 
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Figure 9. Spray deposition efficiency for Patient D with modified Lothrop for spray 

originating from left nostril. Both ipsilateral (left) and contralateral deposition (right) is 

displayed. 
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Figure 10. Spray deposition efficiency for Patient D with modified Lothrop for spray originating from 

right nostril. Both ipsilateral (right) and contralateral deposition (left) is displayed  
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5.5 Discussion 

 

Four postoperative nasal cavity models were evaluated for particle deposition using 

representative spray conditions. Three patients underwent a comprehensive FESS. Patient D 

underwent modified endoscopic Lothrop procedure, having previously had multiple revision 

operations including comprehensive FESS and medial maxillectomy for recurrent CRS. The 

goal of the Lothrop procedure is to create a much wider frontal sinus drainage pathway by 

incorporating a drill-out procedure and removal of the septum in the region of the frontal sinus 

ostia, in addition to the standard comprehensive FESS. An endoscopic medial maxillectomy 

was also performed in Patient D, removing the medial wall of the maxillary sinuses leading to 

the absence of a large portion of the lateral nasal cavity walls. As a result, Patient D had a more 

open, and hollowed interconnected sinonasal cavity creating a unique flow field. A patient with 

a history of more extensive surgery was selected to identify obvious patterns in airflow 

associated with surgical intervention. Since airflow has a major influence on the trajectory of 

drug particles, the purpose was to gain insight on ways to better target topical drug delivery.  

The extent of surgery was found to have a strong influence on airflow, and this was highlighted 

by unique path streamlines in the MELP patient. Important relationships were observed 

between airflow and particle distribution patterns in all patients. The inertial parameter 

deposition from inhaled particles showed the deposition curve shift to the right (see Figure 6), 

due to a surgically opened airway, which the inertial parameter does not consider. Garcia et al. 

(179) showed that a modified Stokes number could be used to parameterise the differences in 

airway geometry, but it accounted for the length of the nasal cavity, and resistance (the flow 

field is required). A dynamic Stokes number proposed by Nicolaou and Zaki (180) could be 

used in this case. 
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For all patients, the maxillary sinuses exhibited relatively higher airflow and deposition was 

better with small particles (10-30μm). Standard nasal sprays and nebulizers do not produce 

particles in this smaller range. On the other hand, airflow distribution in the ethmoid sinuses 

was relatively low, often being splinted by a small internal nasal valve in patients, and 

deposition could be improved if higher inertial particles were directly targeting the region. This 

was particularly evident in Patient D, where a strong correlation with ethmoid deposition was 

found with spray insertion angle and particle diameter.  

While a small number of patient-specific models were investigated, the airflow and deposition 

results for the two classes of post-operative patient models can be representative of similar 

post-operative patient models. Specifically, the deposition results of Patients A, B and C 

(comprehensive FESS) displayed improvement for maxillary sinuses and negligible frontal 

sinus deposition. Minimal deposition in the ethmoid sinuses occurred under most conditions 

tested. This is representative because without the inhaled airflow reaching the frontal and 

ethmoid sinuses, deposition opportunities in these regions are diminished.  

For Patient D (MELP), frontal sinus deposition was present but only minimal (<1% bilaterally) 

regardless of particle size due to the lack of airflow. Major differences in deposition compared 

with the comprehensive FESS instead occurred due to the crossflow of air between nasal 

chambers secondary to the absence of most of the septum. An asymmetric airflow distribution 

occurred where a significant amount of inhaled air from the right nostril crossed over into the 

left nasal chamber.  As a result, the contralateral ethmoid and sphenoid sinuses received a 

significant fraction of spray particles that were in the lower particle size range (<30μm) since 

these moved by inhalational transport. This was accompanied by reduced deposition in the 

right maxillary sinus (<3% deposition, averaged over all conditions). It is expected that there 

would be some form of alternating partial congestion and decongestion of each nasal chamber 

due to the physiological nasal cycle. Although the extent of this impact is unknown, it should 
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be considered since one side has greater opportunity for particle deposition, and this is affected 

by the side in which the nasal spray is inserted. The patient’s daily breathing is also affected 

with one side having greater airflow exposure which can lead to increased demand for air 

humidification, and airborne particle deposition.  

Our results provided correlations between different parameters, which showed that spray 

particle conditions had a greater influence on sinus deposition on the Lothrop patient model 

compared to the comprehensive FESS patient models. In the Lothrop patient, who had 

undergone extensive and aggressive surgery, sinus deposition had a higher positive correlation 

with particle diameter, than spray insertion angle. This is because the absence of most of the 

septum allowed particles to move more freely into the sinuses rather than depositing in the 

anterior nasal cavity and on the septum. The comprehensive FESS patients had less open 

sinonasal airway models and improved sinus deposition occurred from changing the spray 

insertion angle, and this led to the largest increase in deposition in the maxillary sinuses. 

In summary, devices that produce low inertia droplets may help improve drug delivery in the 

sinuses. This is true unless aggressive surgery is performed to remove the septum where high-

inertia particles would normally deposit. This operation is rarely performed. Nonetheless, such 

devices would only appear to target regions that receive adequate ventilation. Therefore, 

additional strategies to target drug delivery may need to focus on factors such as nozzle position 

or orientation, and a device mechanism which will act to disperse drug particles more widely 

to cover regions that continue to receive low ventilation following surgery. 

 

5.5.1 Limitations and further research  

 



97 

 

Nasal geometry significantly influenced airflow and drug deposition. This highlighted the need 

to consider the type of postoperative patient and the extent of surgery to target and potentially 

individualize drug delivery. Regardless of the anatomical variation that exists between patients, 

we believe that there are characteristic and distinguishable flow behaviours that can be applied 

to similar post-operative patient models. Experimental validation has not been conducted as 

the modelling is exploratory to elucidate the correlations between parameters.  

Only inspiratory nasal airflow at a restful steady-state and a breath-hold state was considered 

in the present study as breathing state is the most common state we experience in daily life, 

and the nasal cycle was considered. A higher resolved simulation could be investigated in 

future that accounts for transitional turbulence behaviour. The liquid sheet formation from 

sprays in the near nozzle and its influence on downstream fluid-particle would benefit from 

two-way coupling studies. These higher resolution studies require substantial computational 

resources to fulfil the demanding time and length scales of the fluid-particle dynamics, which 

will certainly provide greater insight into the mechanisms for targeted drug delivery.  

Although only three variables were selected for analysis in relation to nasal spray deposition 

(16-particle diameters, 2-spray insertion angles, 3-inhalational flow rates, and 4-models to give 

384 permutations), these were considered critical parameters. It would be particularly 

important to study the initial nasal spray conditions coupled with a transient breathing profile 

in more detail in a series of post-FESS patients, with the goal of achieving optimal coverage 

of all the sinuses.  

 

5.6 Conclusions 
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CFD techniques were used to demonstrate the relationships between sinonasal airflow and drug 

delivery patterns in four patients who have undergone surgery. Nasal geometry dictates airflow 

and therefore plays a major role in particle delivery since airflow transports particles through 

the airway. Sinus deposition is enhanced with low-inertia particles outside the range of many 

current nasal devices. However, in the presence of low regional airflow distribution, successful 

deposition in the region becomes more sensitive to and restricted by device parameters. In a 

patient that had more extensive surgery creating a wider and hollower nasal cavity, there was 

greater opportunity to enhance sinus deposition by using a combination of optimal device 

parameters. Further studies are required in a greater number and wider spectrum of 

postoperative patients in order to ascertain a multi-level approach considering the extent of 

surgery, particle size and nozzle conditions aiming to optimize topical delivery in the sinuses 

in post-FESS patients. 
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CHAPTER 6. MAGNETIC RESONANCE IMAGING (MRI) 

EVALUATION OF THE DISTRIBUTION OF SPRAY AND 

IRRIGATION DEVICES WITHIN THE SINONASAL CAVITIES 

 

6.1 Abstract 

 

6.1.1 Background 

Optimizing intranasal distribution and retention of nasal sprays is essential in the management 

of patients with chronic rhinosinusitis (CRS), including those that have had functional 

endoscopic sinus surgery (FESS). Despite multiple existing distribution studies, there remains 

a need for a technique that allows regionalization of particle deposition within a patient’s 

unique three-dimensional geometry without exposing the patient to radiation. 

 

6.1.2 Methods 

Seven participants delivered normal saline containing a gadolinium-based contrast agent 

(GBCA) by either saline irrigation or nasal sprays on one side of the nasal cavity. The saline 

irrigation group included two participants (both healthy) while the nasal spray group included 

five participants (2 healthy, 2 post-FESS patients, 1 CRS patient without any sinus surgery). 

The distribution of new signal enhancement was assessed on each participant using MRI. Serial 

scans were performed over an interval of 4 minutes in the nasal spray group to assess changes 

in intranasal distribution over time. 
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6.1.3 Results 

Signal enhancement was widespread within the nasal cavities and maxillary sinuses of 

participants (both healthy) that underwent sinus irrigation. For the nasal spray participants, the 

hotspots for signal enhancement were similar regardless of disease status or previous history 

of surgery. These included the internal nasal valve, anterior septum, inferior surface of the 

inferior turbinate, nasal floor, and nasopharynx. No signal enhancement was detected with 

nasal sprays in either unoperated or operated paranasal sinuses. 

 

6.1.4 Conclusion 

A technique has been developed using MRI evaluation of radiopaque contrast to characterize 

the temporospatial distribution of topical drug delivery within the sinonasal cavities. 

 

6.2 Introduction 

 

Topical steroid therapy is the mainstay in the medical management of chronic rhinosinusitis 

(CRS) with the active ingredient targeting the sinus mucosa. In patients that have persistent 

disease, functional endoscopic sinus surgery (FESS) is indicated, despite maximal medical 

therapy. However, due to self-perpetuating immune-mediated processes, some cases have the 

propensity to relapse following surgery (181). FESS also creates better access for the 

application of topical drugs (182). Without long term topical postoperative medical 

management, patients often require revision surgery (149). 

The distribution of topical medications in the sinonasal cavity has been evaluated in many 

studies of nasal cast models, healthy participants, and cadaveric dissections.  These studies are 
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heterogeneous in methodology and results vary (183-191). Following FESS, CRS patients have 

mucosal abnormalities and altered anatomy. Therefore, it remains unclear how topical drugs 

distribute in a postoperative sinonasal cavity. Various techniques have been described, 

involving either endoscopic visualization of a dye solution, CT assessment of radiopaque 

material or imaging of radiolabelled drugs. These have a varying ability in providing an 

accurate three-dimensional representation of regional drug distribution. In addition, some 

techniques involve the use of radioisotopes and/or high-energy radiation, which present the 

difficulty in performing multiple studies due to cumulative radiation doses (192, 193). 

In this study, an in vivo method was developed to characterize the intranasal particle deposition 

by MRI imaging of a gadolinium-based contrast agent (GBCA) delivered using high volume 

sinus irrigation and a nasal spray. The technique provides visualization and segmentation of 

particle deposition within the patient's true three-dimensional nasal geometry and permits 

multiple images to be taken over a relatively short time so that the time course of the penetration 

of spray can be determined. Seven participants were investigated of whom four were healthy 

volunteers, one had CRS with no previous sinus surgery and two had CRS with previous FESS.  

 

6.3 Methods 

 

Seven participants were recruited in this study (4 men and 3 women; age range, 27-51 years). 

Approval for the study was granted by the New Zealand Health and Disability Ethics 

Committee. Informed consent was obtained from each participant before they entered the 

study. Two nasal drug delivery devices were investigated: a saline nasal rinse bottle (Sinus 

Rinse, Neilmed) and a nasal spray pump. Using these devices, GBCA diluted in 0.9% sodium 

chloride, was applied in the right-sided nasal cavity at a concentration between 10-50mmol. A 
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preliminary trial was conducted in order to determine this optimal range of values (detailed 

further). Participants delivered the contrast formulation under supervision by an ENT clinician 

to ensure a standardized delivery technique. Nose blowing was permitted prior to 

administration. Following administration, patients were instructed to avoid vigorous sniffing 

and nose blowing until the MRI scan was complete. 

Two healthy participants received GBCA via a saline rinse bottle. Five other participants used 

GBCA via a nasal spray of whom two were healthy participants, one had right sided CRS and 

two had a history of previous functional endoscopic sinus surgery (FESS). All healthy 

participants had no history of CRS or sinonasal surgery. Both FESS patients were not diseased 

at the time of study and the sinus ostia were widely patent. All participants underwent a baseline 

high-resolution MRI prior to the use of their respective nasal device.  

 

6.3.1 Baseline high resolution MRI sequence 

 

All scans were performed on a 3T Siemens Skyra MRI system (Siemens Healthcare, Erlangen, 

Germany) using a 20-channel head RF receive coil. Images were acquired in a sagittal 

orientation using a magnetization prepared rapid acquisition gradient echo sequence (MP-

RAGE) with imaging parameters: TR = 1900ms, TE = 2.2ms, TI = 900ms, flip angle = 9°, 

FOV = 229 x 229mm, matrix = 288 x 288 (image resolution = 0.8mm isotropic). Acquisition 

time for each data set was 4 minutes 54 seconds. Following acquisition, images were resliced 

so that signal changes could also be visualised in the coronal cross-section. 
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6.3.2 Sinus irrigation 

 

Irrigation was performed with a 200ml volume of GBCA from the sinus rinse bottle on the 

participant’s right side. 

 

6.3.2.1 Presence of gadolinium 

Following the sinus irrigation, an MRI scan was performed using the same sequence as the 

baseline MRI scan (MP-RAGE). These images were compared with those from the baseline 

MRI scan to detect the presence and location of new signal enhancement. Image thresholding 

was applied using the image processing software, 3D slicer© to evaluate the distribution of 

new signal enhancement within the sinonasal cavity. This is a method that allows object 

isolation by converting grayscale images into binary images based on levels of contrast. The 

threshold value was determined from each individual participant’s baseline MRI scan (MP-

RAGE), as the highest value at which no signal enhancement was detected in the sinonasal 

cavity prior to irrigation with GBCA. Any new signal enhancement following sinus irrigation 

was accepted as presence of gadolinium. The relative distribution of gadolinium was 

approximated to the proportion of relative number of pixels of signal enhancement by site. If 

gadolinium was detected, it was labelled as being present in either the anterior nasal cavity 

(vestibule and internal nasal valve), posterior nasal cavity (posterior to the internal nasal valve), 

nasopharynx, maxillary sinuses, ethmoid sinuses, sphenoid sinuses or frontal sinuses.  

 

6.3.3 Nasal sprays 
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6.3.3.1 Spray technique 

Participants were instructed to tilt their head slightly forward and direct the nozzle at 

approximately 30-45 degrees to the nasal floor before delivering three sprays on the right side 

only. This was followed by a pause before a further three sprays were delivered. Thus, a total 

of six sprays (total volume of approximately 0.5mL) were delivered. 

 

6.3.3.2 Baseline and serial dynamic MRI sequence 

Patients underwent a second baseline MRI scan following the initial baseline high-resolution 

MRI scan (MP-RAGE). This was a fat-saturated T1-weighted VIBE sequence (VIBE). The 

same sequence (VIBE) was used to perform several serial scans following spray. The VIBE 

sequence provided improved temporal resolution for the dynamic assessment of spray 

deposition over time. The sequence parameters were: TR= 4.76ms, TE = 2.27ms, flip angle = 

9, slice thickness = 2mm, FOV = 200 x 161mm, matrix = 288 x 174 (in-plane image resolution 

= 0.7 x 0.7mm). Acquisition time for each image volume was 22 seconds.  

 

6.3.3.3 Initial presence of gadolinium 

Following the use of the spray, there was a 1-minute delay before the first post-spray MRI scan 

(VIBE) was performed. This was a planned delay to reduce any immediate posterior migration 

of the contrast agent while lying supine for the MRI scan. The scan was compared with the 

baseline scan (VIBE) and image thresholding using 3D-slicer© as previously described to 

detect the presence and location of new signal enhancement. The threshold value differed 

between individuals but was maintained for all serial images in any given participant. If 

gadolinium was determined to be present it was labelled as being present in either the anterior 

nasal cavity, posterior nasal cavity, or nasopharynx.  



105 

 

 

6.3.3.4 Evaluation of changes in distribution of gadolinium over time 

Following the initial scan, a series of scans were performed at 22-second intervals for a total 

duration of 4min 2s. Scans at 0s (initial scan), 44s, 1min 28s, 2min 12s, 2min 56s, and 3min 

40s were analysed to evaluate changes in the distribution of new signal enhancement over time. 

 

6.3.4 Optimization of GBCA concentration  

In a preliminary trial of GBCA optimization with 13 participants, concentrations between 

5mmol and 500mol were investigated (Table 1). Optimization steps are detailed in Table 2. All 

participants that were part of the preliminary trial who administered GBCA in the optimal 

concentration range (10-50mmol) and underwent the complete MRI protocol above were 

included in the analysis for this study.  

 

Table 1. Optimization of GBCA concentration. 

Concentrations of GBCA administered Participants (n=13) Findings 

5mmol* and 10mmol  1 CRS, post-FESS Visibly superior signal 

enhancement 10mmol vs. 5mmol 

10mmol and 20mmol 3 Healthy 

1 CRS, post-FESS 

No obvious visible difference in 

signal enhancement (10-50mmol) 

 

No significant difference in 

volume and intensity of signal 

enhancement (10-50mmol) 

 

20mmol and 20mmol 1 Healthy 

25mmol and 50mmol  1 Healthy 

1 CRS, post-FESS 

50mmol and 50 mmol 1 Healthy  

100mmol and 100mmol 1 Healthy No visible signal enhancement 

500mmol and 500mmol 3 CRS, post-FESS 2 of 3 participants with no visible 

signal enhancement 

* The first trial on a participant used a 1/200 dilution factor (5mmol), corresponding to the higher end 
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of the dilution range of the intravenous dose recommended for diagnostic indications. This was based 

on our prediction that dispersion of the spray and a small volume of sprayed particles would result in 

a further dilution of gadolinium in space therefore limiting signal enhancement. 

 

Table 2. Steps for GBCA optimization. 

1 Each participant underwent a baseline high-resolution MRI scan 

(MP-RAGE) and baseline short sequence MRI scan (VIBE) 

2 Each participant performed one trial of a spray at two different 

occasions. 

The same concentration of GBCA was used twice or a different 

concentration of GBCA was used on each occasion 

3 Each participant underwent a post-spray MRI scan (VIBE) 

4 MR Images were compared between participants for obvious 

differences in signal enhancement 

5 When an obvious difference was not detected, further analysis was 

undertaken using thresholding techniques as outlined in the 

methods 

 

 

6.4 Results 

 

6.4.1 Intranasal particle deposition by sinus irrigation 

 

A summary of the site of intranasal signal enhancement following irrigation with GBCA and 

the relative distribution of signal enhancement are displayed in Table 3. 

 

Table 3. Site and relative distribution of signal enhancement following nasal irrigation with 

GBCA.  

Participant Disease 

status 

Site Side % of total intranasal 

deposition 
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1 

 

Healthy Anterior nasal 

cavity 

Bilateral 

8.7 

Posterior nasal 

cavity 

Bilateral 

15.7 

Nasopharynx Bilateral 47.8 

Maxillary sinuses Bilateral 20.5 

Ethmoid sinuses Left 1.1 

Sphenoid sinuses 

Left (dominant 

sphenoid) 6.2 

2 Healthy  Anterior nasal 

cavity 

Bilateral 

7.3 

Posterior nasal 

cavity 

Bilateral 

3.2 

Nasopharynx Bilateral 6.4 

Maxillary sinuses Bilateral 78.7 

Ethmoid sinuses Right 2.5 

Sphenoid sinuses Right 1.8 

 

6.4.1.1 Participants 1 and 2 

These were healthy participants including a 27-year old male (participant 1) and a 27-year old 

female (participant 2). Key sites of signal enhancement are shown in figures 1 and 2. For both 

participants, gadolinium was determined to be present in bilateral maxillary sinuses on both 

sides and the ethmoid sinuses and sphenoid sinuses on one side only. The frontal sinuses were 

not reached in either participant. Maxillary sinuses accounted for 21% and 79% of the total 

intranasal deposition in participants 1 and 2, respectively. Within the posterior nasal cavity in 

both participants, gadolinium was detected bilaterally in the middle meatuses, middle 

turbinates, inferior turbinates, lateral nasal walls, posterior septum and posterior choanae. 

Gadolinium was also identified in bilateral olfactory clefts in participant 1 and in bilateral 

frontal recesses in participant 2. 
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Figure 1. Participant 1. MRI images following sinus irrigation. 

(A) T1 weighted MRI as seen in coronal section on a healthy individual (participant 1).  Signal 

enhancement seen in white following administration of GBCA via sinus rinse bottle, present in right 

olfactory cleft, bilateral maxillary sinuses, left middle meatus, left maxillary ostium, left ethmoid sinus.  

(B)  Signal enhancement colour-labelled by region; brown – ethmoid sinus, green – posterior nasal 

cavity, purple – maxillary sinus. 
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(C) T1 weighted MRI as seen in a more posterior coronal section in participant 1.  Signal enhancement 

seen in white following administration of GBCA via sinus rinse bottle, present in bilateral maxillary 

sinuses, bilateral middle and inferior turbinates, bilateral middle meatuses.  

(D) Signal enhancement colour-labelled by region; green – posterior nasal cavity, purple – maxillary 

sinus. 

(E) T1 weighted MRI as seen in sagittal section in participant 1. Signal enhancement seen in white 

following administration of GBCA via sinus rinse bottle, present in anterior nasal cavity, olfactory cleft, 

sphenoid sinus, and nasopharynx.  

(F) Signal enhancement colour-labelled by region; yellow – anterior nasal cavity and nasopharynx, 

green – nasal cavity, blue – sphenoid. 
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Figure 2. Participant 2. MRI images following sinus irrigation. 

(A) T1 weighted MRI as seen in coronal section on a healthy individual (participant 2).  Signal 

enhancement seen in white following administration of GBCA via sinus rinse bottle, present in bilateral 

frontal recesses and left maxillary ostium.  
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(B) Signal enhancement colour-labelled by region; green – posterior nasal cavity, purple – maxillary 

sinus. 

(C) T1 weighted MRI as seen in a more posterior coronal section in participant 2.  Signal enhancement 

seen in white following administration of GBCA via sinus rinse bottle, present in bilateral maxillary 

sinuses, bilateral middle meatuses and left maxillary ostium.  

(D) Signal enhancement colour-labelled by region; green – posterior nasal cavity, purple – maxillary 

sinus. 

(E) T1 weighted MRI as seen in sagittal section in participant 2. Signal enhancement seen in white 

following administration of GBCA via sinus rinse bottle, present in anterior nasal cavity, frontal recess, 

sphenoethmoidal recess, sphenoid sinus, and nasopharynx.  

(F) Signal enhancement colour-labelled by region; yellow – anterior nasal cavity and nasopharynx, 

green – posterior nasal cavity, blue – sphenoid. 

 

6.4.2 Intranasal particle deposition by nasal spray 

 

A summary of the site of intranasal signal enhancement following spray with GBCA and the 

relative distribution of signal enhancement are displayed in Table 4. 

 

Table 4. Site and relative distribution of signal enhancement following nasal spray with GBCA 

at first scan. 

Participant Disease status Site % of total 

intranasal 

deposition  

Site of deposition within 

sinonasal cavity 

3 Right-sided CRS 

involving maxillary 

and ethmoid sinuses 

Anterior nasal cavity 47 Internal nasal valve - 

septum and floor of nasal 

cavity 

Inferior turbinate - 

anterior end 

Posterior nasal cavity 18 

Nasopharynx 35 

4 Healthy  Anterior nasal cavity 9 Inferior turbinate - 

inferior aspect 

Floor of nasal cavity 
Posterior nasal cavity 25 

Nasopharynx 66 

5 Healthy Anterior nasal cavity 16 Inferior turbinate - 

inferior aspect 
Posterior nasal cavity 63 
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Nasopharynx 21  

6 Bilateral limited 

FESS 

Anterior nasal cavity 5 Internal nasal valve - 

septum 

Inferior turbinate - 

anterior end, inferior 

surface, medial surface  

Posterior nasal cavity 67 

Nasopharynx 28 

7 Bilateral 

comprehensive 

FESS 

Anterior nasal cavity 3 Internal nasal valve - 

septum 

 

Posterior nasal cavity 3 

Nasopharynx 94 

 

 

6.4.2.1 Participant 3 

Participant 3 was a 28-year-old male with right-sided CRS involving the maxillary and ethmoid 

sinuses. Figures 3 show key sites of signal enhancement during the first MRI scan. Only 18% 

of the total gadolinium determined to be present was seen in the posterior nasal cavity in the 

initial scan, with most of it being visualized on the septum and floor of the nasal cavity just 

posterior to the internal nasal valve. 

47% and 35% of the total gadolinium determined to be present was found initially in the 

anterior nasal cavity and nasopharynx, respectively. The proportion of total gadolinium in the 

anterior nasal cavity declined to 26% at the time of the final scan (3min 40s) while that in the 

nasopharynx had increased to 66% at the final scan. These changes are shown in figure 7a.  
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Figure 3. Participant 3 MRI images following nasal spray.  

(A) T1 weighted MRI as seen in coronal section in participant 3. Participant 3 had right-sided CRS 

without history of sinus surgery.  Signal enhancement seen in white following administration of GBCA 

via nasal spray, present on the right anterior septum and floor of nose in proximity to the internal nasal 

valve. (B) Signal enhancement colour-labelled by region; yellow – posterior nasal cavity.  

(C) T1 weighted MRI as seen in sagittal section in participant 3. Signal enhancement seen in white 

following administration of GBCA via nasal spray, present on the right anterior septum in proximity to 

the internal nasal valve. (D) Signal enhancement colour-labelled by region; yellow – posterior nasal 

cavity. 

 

6.4.2.2 Participant 4 

Participant 4 was a 29-year old male healthy participant. Figures 4 show key sites of signal 

enhancement during the first MRI scan. 25% of the total gadolinium detected was seen in the 
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posterior nasal cavity in the initial scan. This was visualized along the length of the inferior 

turbinate on its inferior surface, as well as along the floor of the nasal cavity.  

65% of the total gadolinium detected was found initially in the nasopharynx. The proportion 

of gadolinium detected in the posterior nasal cavity had declined rapidly from 25% to 6% by 

the time of the second scan (44s), whereas the proportion of gadolinium detected in the 

nasopharynx was found to have increased rapidly from 66% to 92% at the time of the second 

scan (44s). These changes are shown in figure 7b.  

 

Figure 4. Participant 4 MRI images following nasal spray.  

(A) T1 weighted MRI as seen in coronal section in a healthy participant (participant 4). Signal 

enhancement seen in white following administration of GBCA via nasal spray, present on inferior 

surface of the right inferior turbinate and nasal floor. (B) Signal enhancement colour-labelled by region; 

yellow – posterior nasal cavity.  

(C) T1 weighted MRI as seen in sagittal section in participant 4. Signal enhancement seen in white 

following administration of GBCA via nasal spray, present on inferior surface of right inferior turbinate. 
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(D) Signal enhancement colour-labelled by region; yellow – posterior nasal cavity. 

 

6.4.2.3 Participant 5 

Participant 5 was a 24-year old male healthy participant. Figures 5 show key sites of signal 

enhancement during the first MRI scan. 63% of the total gadolinium detected was seen in the 

posterior nasal cavity in the initial scan. This was visualized along the length of the inferior 

turbinate on its inferior surface.  

The proportion of gadolinium detected in the posterior nasal cavity had declined rapidly from 

63% to 30% by the time of the third scan (1min 28s). 21% of the total gadolinium detected was 

found initially in the nasopharynx. This had increased to 59% by the time of the third scan 

(1min 28s). These changes are shown in figure 7c. 

 

Figure 5. Participant 5 MRI images following nasal spray.  

(A) T1 weighted MRI as seen in coronal section in a healthy participant (participant 5). Signal 

enhancement seen in white following administration of GBCA via nasal spray, present on inferior 
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surface of right inferior turbinate and nasal floor. (B) Signal enhancement colour-labelled by region; 

yellow – posterior nasal cavity.  

(C)T1 weighted MRI as seen in sagittal section in participant 5. Signal enhancement seen in white 

following administration of GBCA via nasal spray, present on inferior surface of right inferior turbinate. 

(D) Signal enhancement colour-labelled by region; yellow – posterior nasal cavity. 

 

6.4.2.4 Participant 6 

This was a 51-year-old female who had a history of bilateral limited FESS. This included 

maxillary antrostomy, anterior ethmoidectomy, and inferior turbinectomy.  

Figures 6 show key sites of signal enhancement during the first MRI scan. 67% of the total 

gadolinium detected was seen in the posterior nasal cavity in the initial scan. Major sites were 

on the septum just posterior to the internal nasal valve, and the inferior turbinate, on its anterior, 

inferior, and medial surfaces. Signal enhancement was not detected in any of the sinuses. 

The proportion of gadolinium detected in the posterior nasal cavity had declined rapidly from 

67% to 25% by the time of the second scan (44s). 28% of the total gadolinium detected was 

found initially in the nasopharynx. This increased rapidly to 71% by the time of the second 

scan (44s). These changes are shown in figure 7d. 



117 

 

 

Figure 6. Participant 6 MRI images following nasal spray. 

(A) T1 weighted MRI as seen in coronal section in a participant with history of previous bilateral sinus 

surgery (participant 6). Signal enhancement seen in white following administration of GBCA via nasal 

spray, present on right anterior septum in proximity to the internal nasal valve. (B). Signal enhancement 

colour-labelled by region; yellow – posterior nasal cavity.  

(C) T1 weighted MRI as seen in sagittal section in participant 4. Signal enhancement seen in white 

following administration of GBCA via nasal spray, present on right anterior septum, inferior surface of 

right inferior turbinate, and posterior choana. (D) Signal enhancement colour-labelled by region; yellow 

– posterior nasal cavity. 

  

6.4.2.5 Participant 7 

This was a 44-year-old female who had undergone a comprehensive FESS. The surgical 

procedure included uncinectomy, maxillary antrostomy, ethmoidectomy, sphenoidectomy, 

frontal sinus clearance, and inferior turbinectomy. 94% of the total gadolinium detected was 

seen in the nasopharynx in the initial scan. Only 3% of the total gadolinium detected was found 
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initially in the posterior nasal cavity, visualized on the septum close to the internal nasal valve. 

Signal enhancement was not detected in any of the sinuses.  

 

Figure 7. Changes in distribution of signal enhancement at different sites in participants 3, 4, 5 and 6 

(A-D respectively). Ant. (anterior); Post. (posterior). 

 

6.5 Discussion 

 

Most in vivo and cadaveric studies show that topical delivery by irrigation devices to non-

operated sinuses is limited, though some demonstrate significant distribution to the maxillary 

sinuses (194, 195). In the first part of this pilot study which investigated high volume sinus 

irrigation in two healthy participants, the maxillary sinuses accounted for 21% of the total 

intranasal deposition in one participant and 79% in the other participant. For both participants, 

there was evidence of much less gadolinium being distributed to the ethmoid sinuses and 
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sphenoid sinuses. In addition, there was only unilateral deposition in these regions. Although 

the frontal recess was reached by sinus irrigation in one participant, no gadolinium made it into 

the frontal sinus of either participant. These results are supported by literature showing that the 

penetration of the frontal sinuses and sphenoid sinuses by irrigation devices regardless of 

volume remains poor, even after FESS (184, 194). More aggressive interventions such as an 

endoscopic modified Lothrop procedure may increase frontal sinus topical distribution (196).  

Most human studies investigating nasal spray distribution suggest that spray deposition occurs 

predominantly in the nasal valve and/or anterior septum and does not reach the paranasal 

sinuses even after endoscopic sinus surgery (186-189, 197-200). The inferior turbinate and 

head of the middle turbinate represent the most frequent deposition sites for particles that reach 

beyond the internal nasal valve (186, 200). 

In the second part of this pilot study, nasal spray deposition was investigated and found to be 

highly variable between the five participants. Despite this our data more closely supports in 

vivo studies reporting >50% spray deposition in the posterior nasal cavity and nasopharynx 

initially (190, 191). Although patients are in a supine position for the MRI scan and intranasal 

deposition can be expected to be partially influenced by gravity, Yates, Sörensen (191) and 

Shah, Berger (190) demonstrated similar results using positron emission tomography and 

gamma scintigraphy. The latter assessment was performed with the patient upright (190, 191).  

Hotspots for gadolinium deposition were similar for the nasal spray participants in the study, 

regardless of disease status or previous history of surgery. These included the internal nasal 

valve, anterior septum, inferior surface of the inferior turbinate, nasal floor, and nasopharynx. 

Gadolinium from nasal sprays was detected in neither unoperated nor operated paranasal 

sinuses. The olfactory clefts and frontal recesses were not reached either. Other in vivo studies 

have reported a dominant distribution of nasal spray to the inferior nasal cavity, including the 
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inferior meatus and nasal floor (187, 200, 201). These results suggest that the spray particles 

which have traversed the internal nasal valve follow an inferior pathway towards the 

nasopharynx. Although the two comprehensive FESS patients in the study were only 

investigated using a nasal spray, irrigation devices are expected to be more effective in 

penetrating the operated sinuses (184, 194, 198).  

Use of dynamic MRI assessment in this study allowed the observation of trends in intranasal 

distribution over time. The gradual increase in relative signal enhancement towards the 

nasopharynx suggests that following its impaction on the mucosa, GBCA moves along by 

mucociliary clearance as observed with drugs or tracers used in other in vivo studies (189, 190) 

. This is a process is likely accelerated by gravity as the patients in this study were in a supine 

position for the MRI scan.  One participant (participant 3) had relatively high deposition in the 

anterior nasal cavity, and signal enhancement in this area declined slowly, accompanied by a 

slow increase in nasopharynx distribution. On the other hand, the three participants 

(participants 4-6) that had >25% deposition within the posterior nasal cavity had >50% 

reduction of gadolinium in the posterior nasal cavity less than 2 minutes from the initial scan. 

These results are likely to reflect a difference in mucociliary clearance, between the non-

ciliated anterior region and ciliated region posterior to the nasal valve in the nasal cavity (189, 

190). Djupesland and Skretting (189) also demonstrated the retention of nasal spray within the 

anterior nasal cavity While studies using various techniques have shown that >50% of the 

topical drug is cleared within approximately 15 minutes (189, 190), this study shows that the 

great majority of particles reach the nasopharynx within 2 to 3 minutes.  

 

The in vivo technique demonstrated in this study has several advantages over other described 

imaging techniques. The 3D anatomical representation of spray deposition it provides avoids 
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the need for further image processing such as that required by PET and gamma scintigraphy 

methods, where multiple image overlays on a baseline CT or MRI scan are required in order 

to register the presence and location of deposition. This makes region separation difficult and 

reduces the accurate localization of deposition. Quantification of deposition using gamma 

scintigraphy is also limited by the smearing of counts that occurs between neighbouring regions 

(189). Other techniques have been described using conventional CT or cone beam CT 

assessment of a radiopaque contrast (187, 194, 201, 202). Acquisition of a conventional CT 

scan can also take several minutes to obtain and is done with the patient in a supine position 

(202). Although cone beam CT scans are performed with the patient in an upright position, 

they can still take up to approximately 40 seconds to obtain and still expose the patient to some, 

although less, high-energy radiation than conventional CT scans (187). 

Finally, despite the variability in techniques used and low level of concordance in results 

between existing human distribution studies, there remains a lack of validation by in vitro and 

computer simulated methods.  This study has the additional advantage of producing high 

quality MRI images that can be used in the construction of computer assisted design models 

for validation studies by the application of computational fluid dynamics techniques and in 

vitro cast modelling (183, 203). 

 

6.5.1 Limitations  

 

We propose this technique solely as a qualitative method to characterize the intranasal 

distribution of drug delivery. As such more than the two standard sprays were performed in 

each test of nasal spray.  A longer period of scanning was not performed as retention and 

clearance outcomes were not specifically part of our aims, however the technique allows the 
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potential acquisition of these time points. Nevertheless, important semi-quantitative 

information regarding the dynamic distribution of topical therapy is reported. Semi-

quantitative processing tools have already been employed in many previous studies, although 

the results are difficult to interpret given the challenges in showing a correlation with actual 

drug concentration and therapeutic effectiveness.  

Although there were no reports of burning, irritation or other adverse reactions, no previous 

research to our knowledge has been performed with gadolinium on human nasal epithelial cells. 

Given that higher doses of gadolinium (20-100x) than those used in this study are used in 

clinical examinations and can be injected intravenously without known side effects (except for 

rare cases of hypersensitivity), it is unlikely that low concentrations of topical gadolinium that 

are in contact with the mucosa for only a short period of time are ciliatoxic. 

It would be important to further evaluate the efficiency of irrigation devices particularly in 

post-FESS patients. This can be challenging as the deposition surfaces are influenced 

significantly by the momentum of the rinse moving through the nasal chambers. While the 

rinse provides greater coverage over the nasal cavity regions, it may not necessarily be able to 

deposit tracer or drugs in high concentrations, and hence the potential difficulty with measuring 

its distribution. Computerized simulation of irrigation can be a cost-effective and reliable way 

for validation in future studies. 

Gadolinium presence is approximated to the presence of new signal enhancement. It is a 

method which can be confounded by subjectivity in threshold setting, and interindividual 

differences in volume and concentration once gadolinium is deposited on the sinonasal mucosa. 

It is possible that very small, widely dispersed particles were not detected, but this is true for 

other techniques described in the literature. The combination of parameters used in the MR 

protocol had sufficient temporal and spatial resolution to detect localised increases in signal 
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intensity following the rinse or spray. Once a threshold value was set for new signal 

enhancement, all following steps in the thresholding technique was objective. 

 

Finally, patients were in a supine position for this assessment, therefore gadolinium solution 

was participant to gravitational forces. The effect of this was minimized by reducing the 

acquisition time of MRI images. The time was shorter than that reported by any other study 

using imaging techniques.  

 

6.6 Conclusion 

 

This study describes a novel technique using MRI assessment of a gadolinium-based contrast 

agent to evaluate intranasal drug distribution in participants using topical nasal therapy. This 

is an alternative method that can be applied in future studies to evaluate various factors 

affecting the efficacy of topical drug delivery including the extent of surgery, head position, 

delivery device, delivery technique and airflow. 
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CHAPTER 7. AERODYNAMIC IMPACT OF TOTAL INFERIOR 

TURBINECTOMY VERSUS INFERIOR TURBINOPLASTY – A 

COMPUTATIONAL FLUID DYNAMICS STUDY 

 

7.1 Abstract 

 

7.1.1 Background 

The aim of this study was to investigate using computational fluid dynamics (CFD) the effects 

on nasal aerodynamics of two different techniques for reducing the inferior turbinate. This may 

assist in surgical planning to select the optimal procedure. 

 

7.1.2 Methods 

Virtual surgery using two techniques of turbinate reduction was performed in eight nasal 

airway obstruction patients. Three bilateral nasal airway models for each patient were 

compared: 1) Pre-operative 2) Bilateral inferior turbinoplasty 3) Bilateral total inferior 

turbinate resection (ITR). Two representative healthy models were included. CFD modelling 

of airflow was performed under steady-state, laminar, inspiratory conditions. 

 

7.1.3 Results 

Nasal airway resistance was slightly more reduced following ITR compared to turbinoplasty 

due to loss of the pressure gradient at the head of the IT. Turbinoplasty resulted in ventilation, 
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pressure, and wall shear stress profiles closer to those of healthy models. A more prominent 

jet-like course of the main flow stream was observed inferiorly in the ITR group. 

 

7.1.4 Conclusions 

Nasal air conditioning was significantly altered following IT surgery. Overall differences 

between the groups were small and are unlikely to bear influence on nasal function in normal 

environments. Further studies using a larger number of patients and healthy subjects are 

required, attempting to establish a clinical correlation with long-term outcomes such as the 

perception of nasal patency, mucosal crusting and drying, and air conditioning in different 

environments. Since a large proportion of IT mucosa remains following turbinoplasty, future 

dependence on topical therapy should also be considered. 

 

7.2 Introduction 

 

Inferior turbinate enlargement and resultant nasal airway obstruction (NAO) can be treated by 

a range of techniques (83). Preserving most of the turbinate mucosa is believed to help maintain 

the normal physiology of the mucosa (83, 86, 87). Currently, there are very few prospective 

clinical trials comparing different techniques for inferior turbinate surgery, assessing long-term 

results and complications (83-85). These studies tend to have heterogeneous cohorts and few 

of them use objective measures such as acoustic rhinometry and rhinomanometry. Objective 

methods of assessment of nasal patency are not routinely utilized in clinical practice to select 

suitable patients for surgery as it has been found that there is a poor correlation between 

objective measures and subjective appreciation of nasal patency (204). 
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Computational fluid dynamics (CFD) techniques have been used in some studies to model the 

effects of inferior turbinate enlargement and inferior turbinate surgery, but these have not yet 

provided a consensus about which is the best procedure (205-209). Confounding factors 

including the extent of surgery, as well as the presence of a concomitant septal deviation (206, 

208). Virtual surgery allows prediction of post-operative changes in aerodynamics by computer 

simulations (205-208). These changes may impact on surgical outcomes and contribute to 

complications such persistent nasal obstruction, hyposmia, mucosal drying and crusting (210, 

211). Although total inferior turbinate resection (ITR) often leads to a significant drop in nasal 

resistance compared to more conservative turbinate reduction methods, it has been suggested 

that this procedure may lead to disrupted flow patterns associated with reduced subjective nasal 

patency and air-conditioning capacity (205-208, 210, 212).  

This is the largest computational study to date evaluating the effects of different extents of 

bilateral inferior turbinate reduction on airflow changes and air-mucosal interactions in eight 

NAO patients undergoing surgery. Virtual models of turbinoplasty by resection of the lower 

bulk of the inferior turbinate and ITR were compared with pre-operative NAO and healthy 

models. 

 

7.3 Materials and methods 

 

7.3.1 Subjects 

 

Eight patients with nasal obstruction undergoing surgery (inferior turbinate surgery with or 

without septoplasty) for turbinate hypertrophy resistant to medical treatment were selected for 

the study (Table 1). These patients had no evidence of sinusitis on clinical assessment or CT. 
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Only patients with minor septal deviation or no septal deviation on endoscopic and radiologic 

assessment were included. Three-dimensional reconstructions of the nasal passages including 

paranasal sinuses were created from pre-operative CT scans. Representative healthy nasal 

models were constructed from two normal subjects without any sino-nasal complaints (Table 

1). Nasal cavity mucosal health was confirmed with endoscopy. Reconstruction of nasal 

models was performed from MRI images for healthy subject A and CT images for healthy 

subject B. The MRI scan was performed according to a high-resolution MRI protocol (153). 

The combination of parameters was sufficient to distinguish the air and soft tissue interface for 

the segmentation of the sinuses and ostia. Healthy subject B had a history of Grave’s 

ophthalmopathy requiring orbital decompression and underwent CT imaging as part of the pre-

operative work up. None of the study subjects received nasal decongestant prior to their scans 

or endoscopic assessments to ensure the closest correlation between clinical and radiological 

assessment and to reflect the most common state of breathing that patients experience in daily 

life. Written informed consent was obtained from all patients. 

 

Table 1. Subject demographics and surgical intervention.   

Subject  Ethnicity Gender Age Previous 

surgery 

Septum 

deviation 

Surgery  %volume 

reduction 

after virtual 

turbinoplasty 

(R, L) 

%surface 

area 

reduction 

after virtual 

turbinoplasty 

(R, L) 

1 NZ 

European 

F 58 None None Turbinate 47, 58 28, 31 

2 NZ 

European 

F 55 None None Turbinate 44, 66 22, 40 

3 Israeli M 44 FESS None Turbinate 51, 37 21, 12 

4 Chinese M 30 None Mild 

caudal  

Septum, 

turbinate 

34, 32 11, 19 

5 NZ 

European 

F 49 None None Turbinate 37, 38  22, 28 
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6 NZ 

European 

M 17 None None Turbinate 36, 48 15, 20 

7 NZ 

European 

F 61 None Mild 

caudal  

Septum, 

turbinate 

52, 67 25, 37 

8 NZ 

European 

F 53 None Mild 

right-

sided 

Septum, 

turbinate 

52, 45 24, 22 

9  

(Healthy A) 

Chinese F 26 None None None N/A N/A 

10  

(Healthy B) 

NZ 

European 

F 65 None None None N/A  N/A 

FESS = bilateral uncinectomy, middle meatal antrostomy diameter <2cm, ethmoidectomy, 

sphenoidectomy, frontal sinus dissection; R = right, L = left 

 

7.3.2 CFD sinonasal model reconstruction 

 

All scans were imported into a medical imaging software package, 3D Slicer®. After airway 

segmentation and smoothing and correction for artefacts, a three-dimensional surface geometry 

of each subject’s sinonasal airways including the outer nose and face was created. A virtual 

septoplasty was performed using 3D Slicer® in three patients who underwent septoplasty 

(Table 1) in addition to inferior turbinate surgery. Therefore, all reconstructed pre-operative 

nasal models in this study had inferior turbinate hypertrophy without septal deviation. The 

reconstructed nasal models were then exported from 3D Slicer® in stereolithography (STL) 

file format into the CAD software package Geomagic Wrap® for further processing to extract 

the sinonasal cavity geometry and separate it into regions for investigating particle deposition. 

Each sinonasal cavity was separated into the following regions (fig. 1): vestibule (anterior to 

internal nasal valve), inferior nasal cavity (below superior border  of inferior turbinate), middle 

nasal cavity (from superior border of inferior turbinate below to superior border of middle 
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turbinate above), superior nasal cavity (olfactory cleft, above superior border of middle 

turbinate), maxillary sinus and nasopharynx. 

 

 

Figure 1. Sinonasal cavity geometry with coronal sections along the mainstream and transverse 

partitions separating superior, middle, and inferior nasal cavity (left), coronal section y5 with 

partitions separating superior, middle, and inferior nasal cavity (right). 

 

7.3.3 Creation of virtual inferior turbinate surgery models 

 

Two different methods of inferior turbinate surgery were performed for all eight patients using 

Geomagic Wrap®: i) turbinoplasty by resection of the lower bulk (one third to one half of the 

inferior turbinate) ii) total inferior turbinectomy. Accounting for the 8 preoperative patient 

models, 16 virtual surgery models (fig. 2) and 2 healthy models, a total of 26 different nasal 

cavity models were investigated. 
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Figure 2. 3D nasal cavity geometry for subjects 1-8 in the study with accompanying selected coronal 

section; pre-operative (left), turbinoplasty (middle), turbinectomy (right). 

 

7.3.4 CFD Modelling 

 

The 3D model was meshed with polyhedral cells with prism layers using ANSYS-Fluent 

2019R1. The mesh quality was improved by moving nodes so that the maximum skewness in 

all models were less than 0.65. A mesh independence test was performed by comparing the 

velocity magnitude on six 2D-cross-sectional planes (155) and found optimised mesh between 

1.5-2.2 million polyhedral and prism cells for all models. A steady inhalation flow rate of 15 

L/min was used and a laminar solver was applied.  

 

7.3.5 Numerical analysis 

 

The distribution of ventilation and wall shear stress in each nasal cavity partition (superior, 

middle, and inferior, figure 1) was evaluated from their average respective values in the 
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mainstream through coronal slices y3, 4 and 5. Nasal resistance is the ratio between pressure 

change from nostril to nasopharynx and total flow rate. Pressure distribution was evaluated 

using pressure contours and by calculating pressure variations from the nostril to the 

nasopharynx outlet including coronal slices y1-6 (fig. 1). All statistical analyses were 

performed using Microsoft Excel (Microsoft Corporation, Washington). The student’s T test 

was applied to analyse differences in total pressure drop, ventilation and wall shear stress 

values between the pre-operative, turbinoplasty and ITR groups.  

 

7.4 Results 

 

Following virtual turbinoplasty, patients had a mean inferior turbinate volume reduction of 

47% (range 34-66%) and mean surface area reduction of 24% (range 11-40%). Individual 

percentage volume reduction and surface area reduction for each model is shown in Table 1. 

 

7.4.1 Streamline plots and velocity contours 

 

Representative streamline plots and velocity contours are shown in figures 3 and 4 respectively 

for patient 5 (preoperative, turbinoplasty and ITR) and healthy subject B. Despite differences 

in nasal valve geometry and surgery there was no significant difference in average velocity at 

the nasal valve between the three groups. Between the nasal valve and the head of the inferior 

turbinate, airflow velocity increased with the extent of turbinate surgery (slice y2, figure 4). 

In healthy subjects, the streamlines mostly traversed the common meatus adjacent to the 

inferior and middle turbinate at a moderate velocity (fig. 3d). But the streamlines were 
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relatively uniformly distributed and reached the superior nasal cavity including the olfactory 

cleft. In the preoperative group, the flowstream was pushed by the bulk of the inferior turbinates 

slightly more superiorly, moving faster in the middle nasal passage adjacent to the middle 

turbinate, with lower velocity streamlines reaching the superior nasal cavity including the 

olfactory cleft (fig. 3a, 4a). The middle meatus space received higher airflow in the healthy 

group compared to the preoperative group (slices y3-5, figure 4d). Vortices in obstructed 

patients were common in the anterior dorsal region and bend of the nasopharynx. They were 

also found in the ethmoidal air cells and around the maxillary ostia in some patients.  

Following any turbinate surgery, flow became more concentrated inferiorly and was more jet-

like (figs. 3b-c, 4b-c). In the turbinoplasty group, the distribution of the flowstream was closer 

to that of a healthy subject, as the main flow route was through the common meatus adjacent 

to the middle and inferior turbinates (fig. 4b). However, flow velocity was faster. Despite air 

moving faster in the turbinoplasty models, ventilation of the middle meatuses did not improve 

as the jet flow sheared against the medial surfaces of the middle and inferior turbinates and 

medial nasal floor, with very little distribution of streamlines laterally (figs 3b, 4b). For the 

ITR group, airflow was even more concentrated and jet-like compared to the turbinoplasty 

group, with a high peak velocity in the region on the infero-medial surface of the middle 

turbinate (fig. 3c, 4c). Airflow does not appear to take up the space created by removing the 

entire inferior turbinate (fig. 4c). There were many fewer streamlines moving along the nasal 

floor or superiorly compared to the healthy, preoperative and turbinoplasty groups (fig. 3c). 

Although the main flow stream was the level of the middle turbinate in the middle nasal 

passage, due its increased jet-like behaviour compared with other groups, it had reduced 

contact with the septum and lateral wall and streamlines did not have the opportunity to travel 

into the middle meatus (fig. 3c, 4c; slices y3-5). Vortices in the inferior nasal cavity were 

common in both surgery groups. 
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While patient 3 (post-FESS) had a greater density of streamlines in the middle meatus and in 

proximity to the maxillary ostium compared to other patients, very slow airflow entered the 

sinuses in any of the preoperative or surgery models. No other obvious differences were 

observed for this patient. 
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Figure 3. Streamline plots; right sinonasal cavity (left), left sinonasal cavity (right). (a) Preoperative 

(b) Turbinoplasty (b) Turbinectomy (d) Healthy subject B. 
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Figure 4. Velocity contours (a) Preoperative (b) Turbinoplasty (b) Turbinectomy (d) Healthy subject B.  
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7.4.2 Flow partitioning 

 

Flow partitioning results in the three regions (superior, middle and inferior nasal cavities) are 

displayed in Table 2 and Figure 5a. Ventilation in the inferior nasal cavity was higher in the 

surgery groups compared to the preoperative group (turbinoplasty p=0.04, ITR p=0.001). There 

was no significant difference in airflow in the middle nasal cavity and superior nasal cavity 

between the groups. However, compared to the turbinectomy group, the ventilation profile for 

the turbinoplasty group reflected more closely that of the healthy group (fig. 5a). 

 

Table 2. Mean aerodynamic changes of healthy subjects and patients before and after virtual 

turbinate surgery. 

 Healthy 

(n=2) 

Preoperative 

(n=8) 

Turbinoplasty 

(n=8) 

Total inferior 

turbinectomy (n=8) 

Ventilation superior nasal cavity (L/min) 4.1 2.2 1.1 1.1 

Ventilation middle nasal cavity (L/min) 3.9 6.2 4.3 4.1 

Ventilation inferior nasal cavity (L/min) 7.4 7.1 9.2 10.6 

Wall shear stress superior nasal cavity (Pa) 0.018 0.013 0.0094 0.0052 

Wall shear stress middle nasal cavity (Pa) 0.067 0.067 0.061 0.038 

Wall shear stress inferior nasal cavity (Pa) 0.057 0.060 0.054 0.040 

Total pressure drop (Pa) 11 14 9.2 7.9 

Average velocity at nasal valve (m/s) 1.2 1.6 1.5 1.5 
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Figure 5. Distribution of ventilation (a) and wall shear stress (b) within superior, middle, and inferior 

nasal cavities; nc = nasal cavity. 

 

7.4.3 Pressure distribution   

 

Figure 6 shows a comparison of pressure contours for patient 5 (preoperative, turbinoplasty 

and ITR) and healthy subject B. Figure 7 shows pressure variations from the nostril to 

nasopharynx outlet for each group. There was a large difference in total pressure drop between 

the preoperative group and both surgery groups (p<0.0001) but there was only a small 

difference in mean total pressure drop of 1.3Pa between the turbinoplasty and ITR group 
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(p=0.002). In all preoperative models, there was a large initial pressure gradient at the head of 

the inferior and middle turbinates (fig. 6a). In addition, there was often an additional large 

gradient at the nasal valve. Large gradations in pressure occurred towards nasopharynx. In 

healthy subjects, similar locations of pressure gradients were seen but there was a smoother 

pressure drop and pressures were lower (fig. 6d). The majority of turbinoplasty and ITR models 

had a single major initial pressure drop in the nasal valve, involving a smaller zone of high 

pressure compared with the preoperative group (fig. 6b, c). The pressure gradient at the head 

of the inferior turbinate tended to be diminished compared to the preoperative group in both 

groups (figs. 6b, c and 7). This difference was statistically significant in the ITR group (p=0.04) 

but not the turbinoplasty group. Throughout the rest of the nasal cavity posteriorly, 

turbinoplasty models had a similar pressure variation compared with the healthy subjects, but 

pressures were lower and more uniform through the nasal cavity (fig. 6c). The ITR group had 

the most uniform pressure in the nasal cavity before dropping at the nasopharynx (fig. 6d). 
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Figure 6. Pressure contours in sagittal view; right sinonasal cavity (left), left sinonasal cavity (right). 

(a) Preoperative (b) Turbinoplasty (b) Turbinectomy (d) Healthy subject B. 
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Figure 7. Pressure variation along main airflow stream from nostril to nasopharynx outlet. 

 

7.4.4 Wall shear stress  

 

WSS distribution was analysed as a measure of air-mucosa contact in three regions (superior, 

middle, and inferior nasal cavities). Results are displayed in Table 2 and Figure 5b. WSS was 

lower in the superior nasal cavity for the ITR group compared to the turbinoplasty group 

(p=0.0002) but not compared to the preoperative group (p=0.06).  WSS was lower in the middle 

nasal cavity for the ITR group compared to both the preoperative group (p=0.03) and the 

turbinoplasty group (p=0.04). WSS was lower in the inferior nasal cavity for the ITR group 

compared to the preoperative group (p=0.04) but not the turbinoplasty group (p=0.65). There 

was no significant difference in WSS in the superior, middle, or inferior nasal cavities between 

the preoperative and turbinoplasty groups. Compared to the ITR group, the wall shear stress 

profile for the turbinoplasty group was more similar to that of the healthy group (fig. 5b). 
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7.5 Discussion 

 

This is the largest computational study to date comparing two techniques of inferior turbinate 

surgery performed virtually in eight patients with nasal airway obstruction secondary to inferior 

turbinate hypertrophy. Three bilateral nasal airway models for each patient were compared and 

two representative healthy models were also analysed for comparison. A small number of CFD 

studies have evaluated aerodynamics, humidification, and warming following inferior turbinate 

resection (205, 207, 208, 210, 213-217). The majority of them have included healthy subjects 

for virtual surgery, frequently studying them as single-pilot subjects, and/or unilateral models, 

limiting interpretation of the results and generalization for nasal obstruction patients requiring 

bilateral inferior turbinate surgery.  

The relationship of the inferior turbinate within the nasal valve region is important as it allows 

a homogeneous air velocity distribution and laminar flow throughout the nasal cavity  (86, 150, 

157, 174, 205-207, 214, 218). In the normal models, airflow was greatest in the common 

meatus adjacent to the inferior and middle turbinates but was generally well distributed 

throughout the nasal cavity. This is consistent with published data (86, 150, 157, 207). Similar 

to other studies (205, 207, 214), it was noted that following any turbinate surgery, the main 

flow stream was directed inferiorly resulting in less airflow reaching the superior nasal cavity 

(superior meatus and olfactory cleft). The main flow stream also travelled in a jet-like manner, 

moving at a higher velocity along a narrower path. Jet-like behaviour was accentuated in the 

ITR models as the airflow was concentrated in a region adjacent to the inferomedial surface of 

the middle turbinate, whereas it occupied more space in the inferior meatus in the turbinoplasty 

group, coming into contact with more of the septum, nasal floor, and lateral wall. The reduction 
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in air-mucosa contact following ITR in these regions has also been reported in the literature 

(205-207).  

This significantly altered flow stream may lead to unfavourable consequences in extremely 

cold or dry environments. This is because the centre of the airstream is likely to remain cool 

throughout the nasal cavity and although heat exchange occurs adjacent to the mucosa, the 

overall warming of inspired air is significantly less than that of the normal healthy nose (207). 

Combined with the disturbed airflow distribution this may have a desiccating effect, causing 

crusting (207, 218, 219). Furthermore, the heat and water fluxes needed to condition inspired 

air may be diminished, adversely impacting alveolar gas exchange, especially in extreme 

environments (220-222).  

Regional ventilation results supported the visual observation of greater airflow in the inferior 

nasal cavity, accompanied by a trend of reduced airflow in the middle and superior nasal cavity 

following surgery. Both ventilation and WSS profiles for the turbinoplasty group reflected 

more closely that of the healthy group. WSS was generally lower for the ITR models compared 

to the other groups, but this was not consistent for all regions (superior, middle, and inferior 

nasal cavities). Areas of low WSS reflect higher wall temperatures due to reduced mucosal 

cooling (223). Mucosal cooling where heat fluxes exceed 50W/m2 has been shown to improve 

subjective nasal patency scores (210). Following ITR, the surface area receiving heat fluxes 

that exceed 50 W/m2 is reduced (205). The simulation of cold receptors may be diminished 

further by complete turbinate resection, potentially contributing to a paradoxical sensation of 

nasal obstruction (205, 208, 210, 219). Other physiological consequences of reduced air-

mucosa contact may include reduced air warming and humidification (205, 210, 216, 220, 224). 

Nevertheless, given the small differences in WSS between surgery groups, the degree of impact 

is likely to be negligible unless in extreme environments. 
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A comparison of pressure variations from the nostril to nasopharynx was made since transnasal 

pressure drop is proportional to resistance. These were in the range of experimental 

measurements in cast models, and reported CFD data in the literature (207, 217, 225). Higher 

pressures and larger gradients were measured throughout the nasal cavity for the preoperative 

models compared with the healthy and surgical models. Following turbinate surgery, pressure 

changes became smoother and smaller as observed in other studies (207, 217). There was only 

a small difference in total transnasal pressure drop between the two surgery groups, which can 

be mostly attributed to the loss of pressure gradient at the head of the inferior turbinate in the 

ITR group. The physiological significance of this is uncertain but may relate to normal air 

conditioning and perception of nasal patency since airflow is a function of pressure gradients.  

Accordingly, objective tests such as rhinomanometry, peak nasal inspiratory airflow, and 

acoustic rhinometry use resistance as a measure of patency (204). However, other studies 

suggests that a change in mucosal temperature correlates better than resistance with nasal 

patency (210, 211, 226-229). 

Empty nose syndrome (ENS) is a disorder which has received significant clinical research 

attention (230, 231). Our CFD analysis supports altered nasal conditioning and characteristics 

to explain a potential paradoxical obstruction phenomenon following ITR. However, the 

degree of clinical correlation is unclear, since only a very small subset of patients that undergo 

radical resection develop long term complications, suggesting that there are additional genetic 

and environmental factors at play (232, 233).  ENS remains a controversial topic that deserves 

further scrutiny with prospective studies that include long term observations. 

 

7.5.1 Limitations 
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Although this study has relied on a small number of patients it was able to capture individual 

variation in nasal geometry, and the extent of surgery performed for a similar clinical condition, 

as noted by the extent of variation in the volume and surface area reduction following 

turbinoplasty. Standard inferior turbinoplasty (84) has been simulated by the removal of the 

inferior bulk of turbinate while preserving at least half of its superior portion. The literature 

describes the simulation of less conventional conservative turbinate reduction methods, 

suggesting a more minor impact on airflow variables (207, 208, 217). The present study is a 

numerical evaluation aiming to characterize the changes and differences in flow dynamics after 

part or whole of turbinate has been removed. The effect of airflow variables on the clinical 

condition and subjective perception of surgical outcome remains uncertain. Preoperative 

objective measurements using PNIF or rhinomanometry would add important insights and 

these measurements will be included in a follow-on prospective clinical trial that incorporates 

both objective and subjective measurements with CFD validation.  

This CFD study suggests that nasal airflow is significantly altered following turbinate reduction 

surgery, leading to unique airflow patterns following turbinoplasty and ITR. However, the 

differences are small, and they should be interpreted carefully until a clinical correlation is 

established. Future studies should include long term post-operative clinical data on patients 

undergoing turbinate surgery to correlate with changes in nasal aerodynamics. However, 

radical resection of the nasal turbinates is infrequently performed, and symptoms such as 

recurring nasal obstruction and crusting may take years to develop, thus making such studies 

difficult.  

A rigid wall assumption does not fully replicate the nasal cavity wall. However, the modelling 

evaluated effects of airway geometry on pressure loss from several locations, and the overall 

trends in either rigid or flexible walls would remain similar, therefore applying a flexible wall 

assumption may not yield additional benefit to the aim of the study. Only inspiratory nasal 
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airflow at a restful steady state was considered as this is the most common breathing state we 

experience in daily life. Although flow in the nasal cavity is most likely to experiences both 

laminar and turbulent regimes, studies suggest laminar dominant flow behaviour for flows 

below 20L/min (168, 169, 234). For the purposes of engineering and clinical outcomes, the 

intense and highly demanding computational resources required in unsteady flow modelling 

may not be justified (158). It is expected that there would be some form of alternating partial 

congestion and decongestion of each nasal chamber occurring as part of the physiological nasal 

cycle. Although the extent of this impact on airflow is unknown, variation was considered by 

including number of patients and using bilateral airway models.  

 

7.6 Conclusion 

 

We have demonstrated a significant local lymphocytic response to bacterial microcolonies 

within the tonsil crypts of participants with RT and an absence of this process in patients with 

OSA. Our results indicate that there is variation in bacterial community composition between 

RT and OSA. This highlights that from a histological and microbial standpoint recurrent 

tonsillitis and obstructive sleep apnoea are potentially different conditions. This could have 

important clinical implications, particularly regarding the prescribing of antibiotics.  
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CHAPTER 8. NASAL AIR CONDITIONING FOLLOWING 

TOTAL INFERIOR TURBINECTOMY COMPARED TO 

INFERIOR TURBINOPLASTY – A COMPUTATIONAL FLUID 

DYNAMICS STUDY 

 

8.1 Abstract 

 

8.1.1 Background 

The aim of this study was to use computational fluid dynamics (CFD) to investigate the effects 

on nasal heat exchange and humidification of two different surgical techniques for reducing 

the inferior turbinate under different environmental conditions.  

 

8.1.2 Methods 

Virtual surgery using two techniques of turbinate reduction was performed in eight nasal 

airway obstruction patients. Bilateral nasal airway models for each patient were compared: 1) 

Pre-operative 2) Post inferior turbinoplasty 3) Post total inferior turbinate resection (ITR. Two 

representative healthy models were included. Three different environmental conditions were 

investigated 1) ambient air 2) cold, dry air 3) hot, humid air. CFD modelling of airflow and 

conditioning was performed under steady-state, laminar, inspiratory conditions.  
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8.1.3 Findings 

Nasal conditioning is significantly altered following inferior turbinate reduction surgery, 

particularly with ITR under cold, dry inspired air (CDA). The degree of impairment is minor 

under the simulated range of environmental conditions (temperature = 12-40°C; relative 

humidity = 13-80%). Streams of significantly colder air are found in the nasopharynx and more 

prevalent under CDA in ITR. These are related to high velocity flow streams, which remain 

cool in their centre throughout the widened inferior nasal cavity. 

 

8.2 Introduction 

 

The swelling of inflamed inferior turbinates, and the resultant nasal airway obstruction (NAO) 

can be treated surgically by a range of techniques (83). Currently, there are very few 

prospective clinical trials comparing different techniques for inferior turbinate surgery that 

assess long-term results and complications (83-85). It is unclear whether surgical treatment by 

resection of the turbinates interferes with nasal air conditioning although preserving the 

turbinate mucosa is believed to help maintain normal nasal physiology by maintaining the 

warming and humidifying actions of the turbinates (83, 86, 87).  

 The nasal valve area is the most effective part in heating and humidifying inspired air and 

cooling expired air (235-240). It is a narrow three-dimensional space formed by the septum 

medially, the caudal margin of the upper lateral cartilages laterally, the floor of the pyriform 

aperture and, the head of the inferior turbinate inferiorly. A triangular-shaped cross-section 

marking the anterior-most part of the nasal valve area is represented by slice y1 in Figure 1. 

The head of the turbinate is believed to have a crucial role in air conditioning as it increases 

the total cross-sectional area of mucosa and contributes to airway restriction in the nasal valve. 
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Airflow velocity decreases within the nasal valve, before being spread over the mucosa of 

turbinates, which may contribute to further distinct changes in air temperature and humidity 

during inspiration and expiration (235, 237, 241). 

Although airflow is indispensable for optimal intranasal air conditioning, changes in 

temperature caused by variations in velocity, flow, vortices, path lines and airflow patterns 

cannot be studied in vivo. On the other hand, computational fluid dynamic (CFD) studies 

provide highly detailed predictions of flow behaviour which complements the existing 

knowledge in clinical practice. The analysis allows a 3D display of airflow variations and 

temperature distribution in any cross-sectional plane in the entire nasal cavity that can lead to 

a better understanding of cause-and-effects of surgical operations. Virtual surgery studies have 

the additional advantage of allowing the comparison of different operative techniques in the 

same patient. Some studies suggest that total inferior turbinate resection (ITR) produces a 

significant drop in nasal resistance compared to more conservative turbinate reduction 

methods, while simultaneously creating disrupted flow patterns (205-208, 210, 212, 242-244). 

The resulting impact on air-conditioning capacity is understudied. Turbinoplasty has been 

suggested to have a minor effect on nasal conditioning (216, 242), while a deterioration of 

climatization following ITR characterized by reduced heat and moisture exchange is supported 

by other studies (205, 213, 242, 243, 245). Similarly, radical sinus surgery with turbinate 

resection has been attributed to modified intranasal airflow, and a reduction in mucosal surface 

area in relation to nasal cavity volume (242, 243, 246). However, widening of the inferior 

airway did not consistently result in decreased wall heat transfer or nasal resistance in a 

computational study of nasal conditioning in three single-sided models of ITR at five and 25 

degrees (208). These studies often had few healthy subjects or used unilateral models, limiting 

interpretation of the results and generalization for NAO requiring bilateral inferior turbinate 

surgery.  
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A recent study of virtual surgery by our group compared the aerodynamic impact of bilateral 

ITR and turbinoplasty in eight patients with NAO due to inferior turbinate swelling (244). 

Although nasal flow patterns were significantly altered following surgery, the differences 

between the techniques were small and hypothesized to bear little influence on nasal 

conditioning under ambient conditions. Specifically, a greater change in airflow distribution 

and air-mucosa contact, and more prominent jet-like course of the main flow stream was 

observed following ITR. The aim of this computational study was to investigate using CFD the 

effects of two different techniques for reducing the inferior turbinate on nasal warming and 

humidification in different climatic conditions in the same group of eight NAO patients (244) 

undergoing surgery, with two healthy subjects for comparison. Virtual models of turbinoplasty 

by resection of the lower bulk of the inferior turbinate and ITR were compared with pre-

operative NAO and healthy models.  

 

8.3 Methods 

 

8.3.1 Subjects 

 

A total of ten subjects were included in this study. The subject demographics, clinical history, 

and surgical intervention of this cohort are described in our previous study (244) and in Table 

1. This included eight patients with nasal obstruction listed for surgery (inferior turbinate 

surgery with or without septoplasty) for turbinate hypertrophy resistant to medical treatment.  
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Table 1. Subject demographics and surgical intervention.   

Subject  Ethnicity Gender Age Previous 

surgery 

Septum 

deviation 

Surgery  %volume 

reduction* 

after virtual 

turbinoplasty 

(R, L) 

%surface area* 

reduction after 

virtual 

turbinoplasty 

(R, L) 

1 NZ 

European 

F 58 None None Turbinate 47, 58 28, 31 

2 NZ 

European 

F 55 None None Turbinate 44, 66 22, 40 

3 Israeli M 44 FESS None Turbinate 51, 37 21, 12 

4 Chinese M 30 None Mild 

caudal  

Septum, 

turbinate 

34, 32 11, 19 

5 NZ 

European 

F 49 None None Turbinate 37, 38  22, 28 

6 NZ 

European 

M 17 None None Turbinate 36, 48 15, 20 

7 NZ 

European 

F 61 None Mild 

caudal  

Septum, 

turbinate 

52, 67 25, 37 

8 NZ 

European 

F 53 None Mild right-

sided 

Septum, 

turbinate 

52, 45 24, 22 

9  

(Healthy A) 

Chinese F 26 None None None N/A N/A 

10 

(Healthy B) 

NZ 

European 

F 65 None None None N/A  N/A 

FESS = bilateral uncinectomy, middle meatal antrostomy diameter <2cm, ethmoidectomy, 

sphenoidectomy, frontal sinus dissection; R = right, L = left. *%volume and surface area reduction 

were calculated on Geomagic Wrap by comparing the relevant values corresponding to the inferior 

turbinate following virtual turbinoplasty, with the original values prior to performing virtual 

turbinoplasty (pre-operative). 

 

These patients had no evidence of sinusitis on clinical assessment or on computed tomography 

scans (CT). Only patients with minor septal deviation or no septal deviation on endoscopic and 

radiologic assessment were included. Three-dimensional reconstructions of the nasal passages 

including paranasal sinuses were created from pre-operative CT scans acquired retrospectively 
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(1 mm × 1 mm axial acquisition). Virtual septoplasty was performed in three patients who 

underwent septoplasty in addition to inferior turbinate surgery, therefore all reconstructed pre-

operative nasal models in this study had inferior turbinate enlargement without septal 

deviation. Representative healthy nasal models were reconstructed as described previously 

from two normal subjects without any sinonasal complaints (244). Nasal cavity mucosal health 

was confirmed with endoscopy. Written informed consent was obtained from all patients.  

 

8.3.2 CFD sinonasal model reconstruction 

 

All scans were imported into a medical imaging software package (3D Slicer (247)). Airway 

segmentation was performed using a combination of basic thresholding, a single application of 

the 1 mm margin growing function, manual segmentation techniques including joint 

smoothing, edge smoothing and gap filling, to create a three-dimensional surface geometry of 

each subject’s sinonasal airways including the outer nose and face. An overall joint smoothing 

factor of 0.15 was applied before final verification using manual techniques as well as 

correction for artefacts. From the authors’ previous experience (244, 248), this was found to 

be the most accurate and efficient method of segmentation requiring the minimal amount of 

manual correction. A virtual septoplasty, the goal of which was to correct the deviated portion 

of the septum according to standard surgical technique (249) was performed by an 

otorhinolaryngology (ORL) clinician and verified by a second ORL clinician using 3D Slicer 

in three patients, in addition to inferior turbinate surgery (Table 1). The reconstructed nasal 

models were then exported from 3D Slicer in stereolithography (.stl) file format into the CAD 

software package Geomagic Wrap (Geomagic, Morrisville, NC, USA) for further processing 

by separation into regions for the quantification of heat transfer. Each sinonasal cavity was 
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separated into the following regions (Figure 1): vestibule (anterior to nasal valve, slice y1), 

inferior nasal cavity (below superior border of inferior turbinate), middle nasal cavity (from 

superior border of inferior turbinate below to superior border of middle turbinate above), 

superior nasal cavity (olfactory cleft, above superior border of middle turbinate), maxillary 

sinus and nasopharynx.  

 

Figure 1. Sinonasal cavity geometry and computational domain. (a) 

Sinonasal cavity geometry for a pre-operative model with coronal (y) sections along the mainstream 

with transverse partitions separating superior, middle, and inferior nasal cavity (left); coronal section 

y5 with partitions separating superior, middle, and inferior nasal cavity (right). The vestibule is 

defined by the region anterior to y1. (b) Computational domain 

NP = nasopharynx; MS = maxillary sinus; S = superior partition; I = inferior partition 
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Two different methods of virtual inferior turbinate surgery were performed for all eight patients 

using Geomagic Wrap: i) standard inferior turbinoplasty (84) simulated by the removal of the 

inferior bulk (one third to half) of the turbinate while preserving at least half of its superior 

portion. ii) total inferior turbinectomy.   

 

8.3.3 CFD modelling   

 

Accounting for the 8 preoperative patient models, 16 virtual surgery models and 2 healthy 

models, a total of 26 different nasal cavity models were investigated. The 3D models were 

meshed with polyhedral cells with five prism layers using ANSYS-Fluent®-ver.19.2 (ANSYS 

Inc., PA, USA). The prism layer was set to approximately 10% height of the first non-prism 

cell, with a growth rate of 1.1 and five layers in total to ensure sharp gradients in the near wall 

region was accounted for. The mesh quality was improved by moving nodes so that the 

maximum skewness in all models were less than 0.65. A mesh independence test was 

performed on one of the models by comparing the velocity magnitude on six 2D-cross-

sectional planes (155) to determine the minimum mesh cell size required for an optimum mesh, 

and this was adopted across the remaining models. This resulted in all models with optimized 

mesh between 1.5-2.4 million cells.  

A constant inhalation flow rate of 15 L/min was used to represent moderate inhalation rates in 

adults. This was converted into a mass flow rate equal to 3.063e-4 kg/s, which was prescribed 

at the nasopharynx exit. A hemisphere was attached to the outer face to enclose the 

computational domain, and this boundary was set as a pressure-inlet condition (Figure 1).  A 

steady state simulation was used, which produces averaged values over a constant flow rate. 

While this is different to unsteady breathing cycle, the time efficiency that a steady assumption 
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provides makes the study possible for a large number of cases (26 models). We acknowledge 

a steady state simulation does not account for the typically disturbed flow behaviour and 

hysteresis effects from the oscillating breathing cycle. While airflow in the nasal cavity is most 

likely to experience both laminar and turbulent regimes, studies suggest laminar dominant flow 

behaviour for flows below 20L/min (168, 169, 208, 234). Three different climatic conditions 

were simulated 1) ambient air (AA) – temperature (T)=25°C; relative humidity (RH)=35% 2) 

cold, dry air (CDA) – T=12°C; RH=13% 3) hot, humid air (HHA) – T=40°C; RH=80% 

following similar conditions outlined in previous studies (250, 251). Heat transfer was achieved 

by including the energy conservation equation, where the nasal wall surface temperature was 

set to 34oC, while the mass transfer during humidification was accounted for using a species 

transport model within Ansys-Fluent. For the species transport equation, a two-film theory 

(252) was used to determine the mass fraction of water on the nasal cavity wall (Figure 2).  

 

Figure 2. Modified water exchange model using two-film theory. 

 

This theory describes the water transport process between the nasal mucus layer and inhaled 

air via a thin film. The mass transfer process is governed by: 

𝑊𝑚𝑒𝑚𝑏 = 𝐷𝑚𝑒𝑚𝑏

𝜕𝐹

𝜕𝒏
= 𝐷𝑚𝑒𝑚𝑏

𝐹0 − 𝐹𝑠

𝛿𝑚𝑒𝑚𝑏
 ,                                         (1) 
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𝑊𝑏𝑙 = 𝐷𝑏𝑙

𝜕𝐹

𝜕𝒏
= 𝐷𝑏𝑙

𝐹𝑠 − 𝐹

𝛿𝑏𝑙
 ,                                                               (2) 

𝑊𝑚𝑒𝑚𝑏 = 𝑊𝑏𝑙                                                                                         (3) 

here 𝐹0 stands for the vapor mass fraction on the organ and mucous membrane side, which is 

assumed constant as the mucous membrane is supplied with sufficient water by the capillary 

layer; 𝐹𝑠 denotes the vapor mass fraction on the nasal cavity surface; 𝐹 stands for the vapor 

mass fraction on the air side; 𝑊𝑚𝑒𝑚𝑏 denotes the water flux between the organ side and the 

boundary layer; and 𝑊𝑏𝑙 denotes the water flux between the membrane and the air side via the 

boundary layer. 𝐷𝑏𝑙 = 3.0 × 10−5𝑚2/𝑠 and 𝐷𝑚𝑒𝑚𝑏 = 2.6 × 10−5𝑚2/𝑠 are the mass diffusion 

coefficient of boundary layer and mucous membrane, respectively. 𝛿𝑏𝑙 = 0.3𝑚𝑚 and 

𝛿𝑚𝑒𝑚𝑏 = 0.5𝑚𝑚 are the thickness of boundary layer and mucous membrane layer (253). By 

solving Eq. (1) , (2) and (3), we get 

𝐹𝑠 =
(

𝐷𝑚𝑒𝑚𝑏

𝛿𝑚𝑒𝑚𝑏
) 𝐹0 + (

𝐷𝑏𝑙

𝛿𝑏𝑙
) 𝐹

(
𝐷𝑚𝑒𝑚𝑏

𝛿𝑚𝑒𝑚𝑏
) + (

𝐷𝑏𝑙

𝛿𝑏𝑙
)

                                                               (4) 

which calculates the species mass fraction on the nasal cavity wall. This value is compiled as 

a user-defined function (UDF) in Fluent (ANSYS Inc, Canonsburg, PA, US). 

 

Nasal heating efficiency was defined as: 

ɛheating= 100 × (Tchoanae – Tnostrils)/(Tmucosa – Tnostrils),    (5) 

where Tnostrils, Tchoanae, and Tmucosa
 are the air temperatures at the nostril, chonae, and nasal 

mucosa, respectively. Similarly, the nasal humidification efficiency was defined as: 

ɛhumidification = 100 × (Cchoanae – Cnostrils)/ (Cmucosa – Cnostrils),  (6) 



156 

 

where Cnostrils, Cchoanae, and Cmucosa are the absolute humidity in air at the nostrils, choanae, and 

nasal mucosa, respectively. Choanal air temperature and water concentrations were computed 

as mass-weighted averages at y6, while our boundary conditions imply that Tmucosa = 34°C and 

Cmucosa = 0.0376 kg/m3 based on previous research and the assumption of a mean mucosal RH 

of 100% (205, 235, 236, 254). 

 

All statistical analyses were performed using Microsoft Excel (Microsoft Corporation, 

Washington, USA). The paired student’s T-test was applied to analyse differences in heat flux, 

temperature, relative humidity, heating (or cooling in the case of CDA) efficiency and 

humidification (or dehumidification in the case of HHA) efficiency between the pre-operative, 

turbinoplasty and ITR groups.  

 

8.4 Results 

 

8.4.1 Heat flux 

 

For all models under all conditions, heat transfer occurred mostly in the vestibules (up to 20%), 

inferior (up to 46%) and middle nasal cavities (up to 31%) labelled in Figure 1. the regional 

distribution of heat flux did not vary greatly under different climatic conditions (Table 2). The 

inferior turbinates contributed to 17-18 % of the total heat flux in pre-operative models, 21-

22% in healthy models and 14-16% in turbinoplasty models. Heat flux distributions for a 

representative patient (patient 8) and a healthy subject (healthy subject B) are shown in Figure 

3.  
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Table 2. Average regional heat flux in all models 

Pre-op = pre-operative; turb. = turbinoplasty; ITR = total inferior turbinate resection 

 

 

Average heat flux (W) Pre-op Turb. ITR  Healthy Pre-op Turb. ITR Healthy Pre-op Turb. ITR   Healthy 

Ambient air Cold, dry air Hot, humid air 

Inferior nasal cavities 

without inferior turbinates 

(% total) 

0.57  

(23) 

0.54 

(25) 

0.65 

(33) 

0.58 

(24) 

1.41 

(23) 

1.32 

(26) 

1.58 

(33) 

1.42 

(23) 

-0.39 

(24) 

-0.36 

(26) 

-0.43 

(33) 

-0.39 

(24) 

Inferior turbinates  

(% total) 

0.43 

(17) 

0.31 

(16) 

- 0.53 

(22) 

1.05 

(17) 

0.75 

(15) 

- 1.30 

(21) 

-0.29 

(18) 

-0.20 

(14) 

- -0.36 

(21) 

Middle nasal cavities  

(% total) 

0.75 

(31) 

0.52 

(25) 

0.53 

(27) 

0.65 

(26) 

1.84 

(31) 

1.28 

(25) 

1.29 

(27) 

1.57 

(26) 

-0.49 

(30) 

-0.35 

(25) 

-0.36 

(28) 

-0.43 

(26) 

Superior nasal cavities  

(% total) 

0.14 

(6) 

0.07 

(3) 

0.05 

(3) 

0.16 

(7) 

0.34 

(6) 

0.15 

(3) 

0.11 

(2) 

0.40 

(7) 

-0.09 

(6) 

-0.05 

(4) 

-0.03 

(2) 

-0.11 

(7) 

Vestibules  

(% total) 

0.49 

(20) 

0.51 

(24) 

0.51 

(26) 

0.49 

(20) 

1.22 

(20) 

1.24 

(24) 

1.26 

(27) 

1.20 

(20) 

-0.31 

(19) 

-0.32 

(23) 

-0.33 

(26) 

-0.32 

(19) 

Maxillary sinuses  

(% total) 

0.01 

(0) 

0.01 

(0) 

0.01 

(0) 

0.01 

(0) 

0.02 

(0) 

0.02 

(0) 

0.02 

(0) 

0.02 

(0) 

-0.01 

(1) 

-0.00 

(0) 

-0.00 

(0) 

-0.01 

(0) 

Nasopharynx  

(% total) 

0.07 

(3) 

0.15 

(7) 

0.21 

(11) 

0.03 

(1) 

0.17 

(3) 

0.39 

(7) 

0.51 

(11) 

0.19 

(3) 

-0.05 

(3) 

-0.11 

(8) 

-0.14 

(11) 

-0.05 

(3) 

Total 2.46 2.11 1.95 2.46 6.05 5.15 4.76 6.10 -1.63 -1.39 -1.30 -1.67 
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Under all conditions, the pre-operative group had a greater total heat flux than the turbinoplasty 

group (AA = 0.34W; CDA = 0.90W; HHA = -0.24W, p<0.001) and a greater total heat flux 

than the turbinectomy group (AA = 0.50W; CDA = 1.20W; HHA = 0.33W, p<0.0001), while 

the turbinoplasty group had a greater total heat flux than the turbinectomy group (AA = 0.16W; 

CDA = 0.40W; HHA = 0.09W, p<0.001). Heat transfer made by the inferior turbinates 

provided the greatest contribution to these differences in total heat flux (p<0.001). Models of 

virtual turbinoplasty or ITR had less heat transfer in the middle and superior nasal cavities 

(p<0.01) compared to pre-operative models. However, there was no significant difference in 

heat transfer found between virtual surgery groups in these regions. 

 

Figure 3a-d. Heat flux distribution for patient eight (a) Pre-operative (b) Turbinoplasty (c) 
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Turbinectomy and Healthy subject B comparison (d). Left = sagittal view showing right-sided 

sinonasal cavity; Right = sagittal view showing left-sided sinonasal cavity 

 

8.4.2 Temperature and humidity contours  

 

Airflow and velocity contours for the same cohort of models were analysed and described in 

detail in a previous related study (244). A strong association was found between patterns of 

airflow  measured previously (244) and those of temperature and humidity in the current study. 

Temperature and humidity contours in the coronal plane are shown in Figures 4 and 5 for a 

representative patient (patient 8) and a healthy subject (healthy subject B). The main airflow 

stream was spread out and warmed (or cooled) and humidified (or dehumidified) more 

uniformly in the nasal cavity in both pre-operative and healthy models, although for a given 

flow rate (15 L/min), heat and water exchange occurred more efficiently within the anterior 

nasal cavity of the healthy models.  
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Figure 4a-d. Temperature contours for patient eight (a) Pre-operative (b) Turbinoplasty (c) 

Turbinectomy and Healthy subject B comparison (d). 
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Figure 5a-d. Humidity contours for patient eight (a) Pre-operative (b) Turbinoplasty (c) Turbinectomy 

and Healthy subject B comparison (d) 
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In the post-surgery models, heat and water was primarily exchanged between air and the 

mucosa on the septum and inferior part of the middle turbinate as well as the medial surface of 

the inferior turbinate (in turbinoplasty models). Jet-like patterns of airflow were observed in 

the inferior nasal cavities following surgery, and these were more accentuated in the 

turbinectomy models compared with the turbinoplasty models. Under AA and CDA, these 

high-velocity flow streams were colder and drier; vice versa under HHA. More air was 

gradually warmed and humidified as the jet-like flows diminished in volume toward the 

nasopharynx; vice versa under HHA. Despite the average temperature being 31.0°C under 

CDA in the region of the nasopharynx of the turbinectomy models (Table 3), a large portion 

of the higher velocity air streams remained much cooler (<25°C) in this region (Figure 4c). 

Some air also remained much cooler in the nasopharynx in turbinoplasty patients (Figure 4b), 

while pre-operative and healthy models had a relatively smoother distribution of warm air 

(Figure 4a, d). Humidification appeared to be more effective and adaptive as such a contrast in 

RH distribution was not observed in the nasopharynx in any model under any condition (Figure 

5). 

 

Table 3. Average temperature and relative humidity in selected coronal sections for all 

models. 

 Pre-op Turb. ITR  Healthy Pre-op Turb. ITR Healthy Pre-op Turb. ITR   Healthy 

Ambient air Cold, dry air Hot, humid air 

Average 

T (°C) 

y

3 

33.3 33.3 33.1 33.5 32.3 32.2 31.7 32.9 34.5 34.5 34.6 34.3 

y

6 

33.6 33.2 32.8 33.4 33.1 32.1 31.0 32.6 34.3 34.5 34.8 34.4 

Average 

RH (%) 

y

3 
98.7 98.6 97.2 100 98.5 98.5 98.2 100 100 100 100 100 

y

6 

100 99.8 97.6 100 100 100 100 100 100 100 100 100 

T = temperature; RH = relative humidity; y3 = coronal section mid-inferior turbinate; y6 = coronal 

section posterior choanae; Pre-op = pre-operative; turb. = turbinoplasty; ITR = total inferior turbinate 

resection 
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8.4.3 Temperature and humidity change along the nasal cavity 

 

In the anterior nasal cavity from the nostrils to y3 (level of mid-inferior turbinate), the extent 

and pattern of temperature and humidity change were almost identical between the pre-

operative and surgery groups despite differences in the turbinate volume present (Figure 6a). 

Although the rise in temperature and humidity between y1 (nasal valve) and y2 (level of head 

of turbinate) was smaller as compared with healthy models, these recovered to similar values 

between y2 and y3. 

 

 

Figure 6a, b. Averaged temperature and relative humidity profile predictions along the streamwise 

direction from nostril to nasopharynx (a) Temperature (b) Relative humidity 

 

The temperature plots for the ITR group started to diverge slightly compared to those of the 

pre-operative models at y3 (level of mid-inferior turbinate) as shown in Table 3 and Figure 6a 

(p<0.01), especially under CDA. From y3 to y6 (posterior choanae), air temperatures continued 

to diverge between the surgery and pre-operative groups to reach their greatest differences at 

y6 (Figure 6a). The lowest temperature at y6 was 28.8°C under CDA and 31.3°C under AA 

(Figure 6a). The differences in air temperature at y6 between the pre-operative and surgery 
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groups was small, and greatest under CDA (Figure 6a). Under CDA, the air temperature at y6 

in turbinectomy models was 2°C colder compared to that in pre-operative models and 1°C 

colder compared to that in turbinoplasty models (p<0.001). The air temperature at y6 in 

turbinoplasty models was 1°C colder compared to that in pre-operative models under CDA 

(p<0.01). All other differences in air temperature at y6 under AA or HDA apparent in Figure 

6a between pre-operative and surgery groups, were significant but smaller (<0.5 °C) as shown 

in Table 3. 

There was negligible difference between any of the groups in RH under any condition posterior 

to y3 (Table 3, Figure 6b). RH was greater than 98% by the time air reached the nasopharynx. 

 

8.4.4 Warming and humidification efficiency 

 

Differences in warming (or cooling) efficiency and humidification (or dehumidification) 

efficiency are displayed in Figure 7. Warming (or cooling) and humidification (or 

dehumidification) was significantly lower in the turbinectomy group compared with the 

turbinoplasty (p<0.004) and the healthy group (p<0.002). Warming (or cooling) and 

humidification (or dehumidification) was significantly lower in the turbinoplasty group 

compared with the healthy group (p<0.002). 
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Figure 7a, b. Nasal heating and humidification efficiencies for all models. (a) Heating (or cooling) 

efficiency (b) Humidification (or dehumidification) efficiency 

 

8.5 Discussion 

 

In the current study, major regions of heat flux and humidification were in the vestibule, 

superior part of the nasal valve and the anterior middle and inferior meatuses consistent with 

predictions in other studies (241, 244). Temperature and humidity variations along the 

streamwise direction were similar to those described in other studies, with a sharp increase in 

the anterior nasal cavity (236, 241). However, this occurred all the way up to the level of the 

mid-inferior turbinate rather than predominantly within the vestibule. This may be partially 

attributed to the presence of the middle and superior turbinates, and sinus openings (ostia) (236, 

241). Although the function of the sinuses in nasal airflow and air-conditioning is unclear, 

recent experimental data suggests that the paranasal sinuses help to maintain laminar flow and 

reduce flow velocity within the nasal cavity via the ostia and open passages (255). The presence 

of this functional interdependence is supported by another study (248). Since the temperature 

and humidity plots were remarkably similar between pre-operative, turbinoplasty and ITR 
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models in the anterior nasal cavity, the extra volume and surface area resected from the head 

of the turbinate when performing ITR likely makes little difference to overall nasal warming 

and humidification capacity contrary to predictions made in another numerical study (213). 

The assumption is made that post-operative mucosa behaves similarly to non-operated mucosa 

since total recovery of the morphologic and functional components of the regenerated 

epithelium is likely (256, 257). The flow disturbance caused by small vortices and sideways 

motions within the narrow nasal valve probably already allows for intensive air-mucosa contact 

regardless of the absence of the head of the inferior turbinate (208, 236, 237, 239).  

Small differences in temperature associated with the extent of turbinate resection began to 

manifest around the level of the mid-inferior turbinate. These differences in temperature 

increased gradually through the posterior nasal cavity toward the nasopharynx, particularly 

under CDA. These finding support a theoretical model showing an inverse relationship 

between nasal volume and heat exchange (246).  Nonetheless, the role of turbinates in air 

conditioning appear to be minor, given the relatively small changes in temperature and 

saturation in the posterior nasal cavity. In addition, humans are known to have simple turbinates 

compared to other mammals (258, 259). No differences in relative humidity were apparent 

between groups in the posterior nasal cavity since air was close to saturation in the anterior 

nasal cavity. However, when absolute humidity was considered in the calculations of 

humidification of efficiency, the level of impairment attributable to the extent of turbinate 

resection was at similar levels to that of heating efficiency. Despite this, the reduction in both 

heating and humidification even under CDA were not as great as those reported in another 

study where the nostril boundary conditions were  T=20°C and RH=50% (205).  

Mucociliary surfaces directly exposed to dry air cease to function as a result of desiccation, 

hyperaemia, reduced mucosal perfusion, impaired ciliary action, fall in mucus flow rate and 

change in mucus composition (235, 239, 240, 250, 260-262). Mouth breathing has a similar 
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effect (260). With a relative humidity 50-60% at 37°C ambient temperature, dry inspired air is 

moistened enough that mucosal injury doesn’t occur (240, 263). Despite the differences noted 

in nasal temperature, warming efficiencies and humidification efficiencies between surgical 

models and the pre-operative models, by the time the flowstream reaches the nasopharynx, air 

is already saturated, and heat fluxes are shown to improve adequately in most patients even 

under cold, dry conditions, a finding that is most evident in the average temperature and 

humidity plots (236, 238, 260, 264). Isothermal saturation allows optimal gas exchange at 

alveolar level and protection from cooling in smaller airways (236, 238, 260, 264).  

 

8.5.1 Clinical implications and future research 

 

Our CFD analysis supports altered nasal conditioning following ITR. However, the degree of 

clinical correlation is unclear, since only a very small subset of patients that undergo radical 

resection develop long term complications, suggesting that there are additional genetic and 

environmental factors at play (232, 233). Lower respiratory complications are rarely studied. 

The pathogenesis of complications such as atrophic rhinitis and empty nose syndrome (ENS), 

which have been linked with ITR, are not well understood. Reduced humidification capacity 

with dry air and extensive mucosal crusting are observed in patients with atrophic rhinitis, but 

it is unclear if air conditioning is a downstream effect of an undetermined cause of atrophic 

rhinitis (238).  

Of potential physiological significance are the streams of significantly colder air in the 

nasopharynx observed from the temperature contour analyses, which were more prevalent 

under CDA. An initial related study of identical subjects by our group demonstrated jet-like 

flow streams within the nasal cavity following surgery, more accentuated in turbinectomy 
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models (244). As hypothesized, results from the current study suggest that the centre of a high 

velocity flowstream remains cool throughout most of the nasal cavity and although heat 

exchange occurs adjacent to the mucosa, the overall warming of inspired air is slightly less 

than that of the normal healthy nose. This is compounded by reduced wall shear stress owing 

to a reduction in the total mucosal surface area (244). Reduced air-mucosal heat exchange and 

moisture carrying capacity under cooler temperatures, combined with a disturbed airflow 

distribution may have a desiccating effect, causing crusting along the nasal cavity (207, 218, 

219).  

In subjects with respiratory disease, inhalation of cold air leads to epithelial injury, altered 

vasomotor control, bronchial hyperresponsiveness, hyperaemia and hypertonicity of airway 

surface liquid (222). These changes are exacerbated by hyperventilation of cold air and mouth 

breathing during exercise.  Cold-related impairment of respiratory mucociliary function 

inhibits the clearance of air pollutants (265). It is possible that susceptibility to air-borne 

infections is also affected. Even in healthy patients, long term exposure to cold air increases 

the number of granulocytes and macrophages in the lower airways (266). Skiers and swimmers, 

long distance runners have a distinctive inflammatory infiltrate, high prevalence of respiratory 

symptoms and airway hyper-responsiveness (267). Further study is required to elucidate the 

clinical impact of extremely cold and dry conditions especially in groups with poor baseline 

respiratory function, respiratory illness, or endurance athletes, since they may be more 

vulnerable to desiccation, adhesion of the alveolar capillary bed and bronchoconstriction when 

optimal nasal air conditioning has not occurred (220-222, 235, 236, 238, 260, 264).  

Results from this study suggest more rapid climatization of the nose under hot and humid 

conditions as compared to cold and dry conditions, consistent with findings from another 

study(250). Optimum mucociliary activity occurs at or near normal body temperature (263, 

268). The mucociliary activity of the respiratory tract may be influenced and destroyed 
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temperatures above 40°C (269, 270). For example, febrile illnesses are often complicated by 

an increased production and an insufficient elimination of secretions. Effects of HHA on 

immunological function have been speculated. Reduced osmolality of ASL as well as reduced 

responsiveness to antigen have been associated with inhaled HHA (271).  

 

8.5.2 Limitations 

 

The present study is a numerical characterisation of the changes in warming and humidification 

after part or whole of turbinate has been removed. Impairment of both heat and water 

exchanges appears to be small even under cold, dry conditions, but these results should be 

interpreted cautiously until a clinical correlation is established. A future prospective clinical 

trial should include long-term post-operative upper and lower respiratory clinical data on 

patients undergoing turbinate surgery to correlate with changes in vivo measurements of 

airflow and air conditioning parameters. Including a greater number of normal subjects would 

provide a better capture of normal inter-individual variation as the averaged data presented in 

Tables 1 and 2, Figures 5 and 6 are included for reference but are not considered representative. 

Simulated mucosal temperature and RH distributions depend on the setting of boundary 

conditions which are approximations to physiological in vivo conditions. Only inspiratory nasal 

airflow at a restful steady state was considered as this is the most common breathing state we 

experience in daily life, and nasal air temperatures drop to a minimum at the end of inspiration 

(237, 239, 250). Since air and mucosal temperatures fluctuate depending on the location within 

the nasal cavity and phase of the respiratory cycle, the intense and highly demanding 

computational resources required in unsteady flow modelling may not be justified for the 

purposes of engineering and clinical outcomes (158).  
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A rigid wall assumption does not fully replicate the nasal cavity wall. However, the modelling 

evaluated effects of airway geometry on pressure loss from several locations, and the overall 

trends in either rigid or flexible walls would remain similar, therefore applying a flexible wall 

assumption may not yield additional benefit to the aim of the study (272).  

 

8.6 Conclusions 

 

Nasal conditioning is significantly altered following inferior turbinate reduction surgery, 

particularly with ITR under cold, dry inspired air. The degree of impairment is small under the 

simulated range of environmental conditions (T=12–40°C; RH=13–80%). Of potential 

physiological significance are the streams of significantly colder air found in the nasopharynx. 

These were more prevalent under CDA in ITR and were related to high velocity flow streams, 

which remained cool in their centre throughout most of the inferior nasal cavity. Although heat 

exchange occurs adjacent to the mucosa, the overall warming of inspired air is slightly less 

than that of the normal nose. Reduced air-mucosal heat exchange and moisture carrying 

capacity under cooler temperatures, combined with a disturbed airflow distribution may have 

a desiccating effect, causing crusting along the nasal cavity. The clinical impact of inferior 

turbinate reduction surgery in extremely cold and dry conditions in groups with poor baseline 

respiratory function, respiratory illness, or endurance athletes is of special interest. 
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CHAPTER 9. CONCLUSION AND DISCUSSION 

 

9.1 Major findings 

 

The studies that constitute this thesis were performed to better characterize drug distribution in 

patients with chronic sinusitis. In particular, the sinonasal penetration of oral antibiotics and 

the sinonasal distribution of topical treatments were studied. In addition, the changes in the 

sinonasal and gastrointestinal microbiome following one week of oral antibiotics were 

evaluated to increase our understanding of the short-term effects of current medical 

management, including their non-target effects.  

The role of oral antibiotics in the treatment of CRS is uncertain, and sinonasal tissue 

pharmacokinetics had been little studied previously. With regards to medical-refractory CRS, 

once patients have had FESS, the goals of ongoing treatment are to optimize the intranasal 

distribution and retention of topical therapy. Simulating airflow and droplet distribution using 

CFD analysis was a cost-effective method that allowed us to gain a better understanding of 

how surgical strategies affect post-surgical sinus ventilation, and how we can optimize 

intranasal devices for delivery of topical medication to the sinuses. 

 

The major findings from this thesis are summarised below. 

1) The concentration of two commonly used oral antibiotics for CRS (doxycycline and 

roxithromycin) in sinonasal mucus is considerably less than that in the sinonasal tissue and 

systemic circulation. Based on the MIC of individual bacterial species associated with CRS, 

these appear to be therapeutic in the tissue and serum but not in the mucus. However, effective 
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distribution to the infection site alone cannot be assumed sufficient with reference to predicted 

bacterial susceptibilities since antibiotic resistance is variable between microbial strains, and 

microbes exist in complex communities that may increase their tolerance to antibiotics. This 

was the rationale for the next study. 

2) In a randomized control trial with thirty CRS subjects randomized equally to three groups 

1) doxycycline (100 mg daily for seven days) 2) roxithromycin (300 mg daily for seven days) 

and 3) control (no antibiotics given), community-wide shifts in bacterial composition or 

changes to bacterial diversity and load were not observed within any patient group following 

the treatment period. The relative abundance of Staphylococcus ASV129 in sinonasal samples 

reduced with increasing mucus doxycycline levels. For the roxithromycin group, sinonasal 

bacterial diversity was negatively correlated with serum drug levels and reduced overall 

compared to controls. 

3) Sinus aeration is enhanced following FESS, particularly in the maxillary and ethmoid 

sinuses. With increasingly extensive surgery, the sinus and nasal cavity become more 

interconnected and functionally interdependent. This finding is accentuated at a higher 

inhalational flow rate. The relationship between ostium size and corresponding sinus inflow is 

stronger for the maxillary and sphenoid sinuses. Maxillary inflow can reach 50% of the total 

in mega-antrostomy patients, while negligible flow occurs in the frontal sinuses except where 

patients have undergone a modified Lothrop procedure.  

4) Changes in airflow distribution in the sinuses that occur following FESS has important 

consequences on sinonasal particle deposition.  Deposition within the sinuses is generally more 

effective with inhalational transport of low-inertia particles outside of the range produced by 

many standard nasal sprays or nebulizer. An exception occurred in a Modified Lothrop patient 

who had undergone extensive surgery with the removal most of the septum where high-inertia 



page173 

 

particles would typically deposit. For sinuses receiving minimal airflow, particle penetration is 

diminished, and successful deposition in the region become more restricted by device 

parameters. 

5) A novel technique has been developed using MRI evaluation of radiopaque contrast to 

characterize the temporo-spatial distribution of topical drug delivery within the sinonasal 

cavities. When sinus irrigation is used, signal enhancement is widespread within the nasal 

cavities and maxillary sinuses in healthy subjects. When a nasal spray is administered, the 

hotspots for signal enhancement are similar regardless of disease status or previous history of 

surgery. These include the internal nasal valve, anterior septum, inferior surface of the inferior 

turbinate, nasal floor, and nasopharynx. Our results support the CFD findings in the previous 

study, which suggest poor sinus drug distribution with standard nasal sprays. 

6) Nasal airflow is significantly altered following IT surgery. Overall differences between total 

turbinate resection (ITR) and turbinoplasty are small. Nasal airway resistance is slightly more 

reduced following ITR due to loss of the pressure gradient at the head of the IT. Turbinoplasty 

results in ventilation, pressure, and wall shear stress profiles closer to those of healthy models. 

A more prominent jet-like course of the main flow stream is observed in the inferior nasal 

cavity following ITR. 

7) Nasal conditioning is significantly altered following IT surgery, particularly with ITR under 

cold, dry inspired air (CDA). The degree of impairment is minor under the simulated range of 

environmental conditions (temperature = 12-40°C, relative humidity = 13-80%). Streams of 

significantly colder air are found in the nasopharynx and more prevalent under CDA in ITR. 

These are related to high velocity flow streams, which remain cool in their center throughout 

the widened inferior nasal cavity.  
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9.2 Discussion 

 

One of the main findings of this research was the substantially lower concentrations of 

doxycycline and roxithromycin in the mucus in comparison to those measured in the sinonasal 

mucosa and serum in CRS patients. This finding may provide part of the explanation of why 

antibiotics have not proven to be particularly effective in the treatment of CRS.  

The mucus to serum ratios were comparable to those in respiratory studies where drug assays 

were performed on bronchial secretions (103-106). On the other hand, much greater nasal 

mucus tissue penetration is reported for a range of antibiotics (21-25, 30, 33, 34). Nevertheless, 

sinonasal pharmacokinetics remains understudied and the comparison of existing studies is 

limited by differences in sample sizes, study populations, antibiotic and dosage regimens, nasal 

sampling methods, time of sampling in relation to the time of dose, pharmacodynamic 

outcomes and methods of drug analysis.  

It is unclear whether the ability of an antibiotic to kill bacteria above MIC’s is more important 

at the tissue or mucus level within the sinonasal cavity. However, existing respiratory studies 

of drug concentrations suggest that epithelial lining fluid is the site where pathogenic bacteria 

reside (103-108). Given that antibiotic administration has not been proven generally effective 

in CRS and results demonstrating significantly lower drug concentrations in the sinonasal 

mucus compared to that in the serum and sinonasal tissue, we hypothesize that mucus may be 

a more important target compartment for antibiotics. This is further supported by our findings 

suggesting that tissue antibiotic concentrations exceed the MIC90 for pathogens commonly 

associated with acute sinusitis and upper respiratory infection such as Staphylococcus aureus, 

Streptococcus pneumoniae, Streptococcus pyogenes, Haemophilus influenzae and Moraxella 

catarrhalis, while mucus concentrations were generally less than the MIC90 (110-113). 
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Both in vitro and clinical studies of topical antibiotics suggest that much higher drug 

concentrations are required to eradicate biofilm-forming bacteria that are linked with disease 

(9, 95). Our microbiome findings are consistent with those from previous studies, which 

support a lack of major bacterial community shifts or reductions in bacterial load with antibiotic 

usage (49, 51, 52). However, roxithromycin mucus concentrations exceeded the MIC of  

Corynebacterium spp., Lactobacillus spp. and Propionibacterium acnes (110), the presence of 

which may be important in maintaining a stable sinonasal bacterial community in CRS patients 

(1). This may have contributed to an observed reduction in bacterial diversity of sinus samples 

with both roxithromycin intake and increasing serum roxithromycin levels.  

We demonstrated the stability of the dominant human gut microbiota upon treatment with a 

short course of doxycycline and roxithromycin used in the treatment of CRS. Although non-

significant trend reductions were seen in gut microbial diversity, the persistence of long-term 

alterations in some subjects may explain susceptibilities to antibiotic-associated diarrhoea and 

disease (36, 55, 67, 145). Complete recovery after short-term antibiotic treatment may still not 

be achieved up to four years following treatment (36, 67).  

Subsequently, sinonasal airflow and distribution of topical therapy were studied in post-FESS 

patients. CFD analyses in the largest set of post-FESS patients to date showed that following 

surgery, the sinuses become more physically and aerodynamically interdependent as FESS 

greatly enhances sinus aeration. This was particularly evident in the maxillary and ethmoid 

regions. The extent to which this occurs generally depends on the patient's nasal geometry, 

such as the internal nasal valve size, or the size of the surgically widened sinus ostium. In a 

follow-up study, the relationships between sinonasal airflow and drug delivery patterns were 

studied in four postoperative patients. We demonstrated that nasal geometry plays a significant 

role in the delivery of low-inertia particles since airflow transports them through the airway. In 

addition, sinus deposition was enhanced with low-inertia particles outside the range of many 
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current nasal devices. However, where regional airflow distribution was found to be poor, 

successful deposition in the region became more sensitive to and restricted by device 

parameters such as particle size and spray-insertion angle. In a patient that had a wider and 

hollower nasal cavity following more extensive surgery (Modified Lothrop Procedure), there 

was greater opportunity to enhance sinus deposition by using a combination of optimal device 

parameters. An in vivo study was then conducted to evaluate the intranasal distribution of nasal 

sprays. This supported CFD findings suggesting poor sinus drug distribution with standard 

nasal sprays in healthy, unoperated, and operated sinuses.  

Frequently as part of standard FESS, the inferior turbinates are surgically resected initially to 

relieve existing nasal airway obstruction (113) and to provide better access for surgical 

instruments in the nasal passages. Due to a lack of prospective clinical trials, it is unclear 

whether a more conservative procedure aiming to preserve the turbinate mucosa is more ideal 

compared to a total turbinate resection (83, 86, 87). In the final part of this thesis, CFD analyses 

demonstrate that nasal airflow, warming, and humidification is significantly altered following 

inferior turbinate surgery. The degree of clinical correlation is unclear since only a very 

minimal subset of patients that undergo radical resection develop long-term complications, 

suggesting that there are additional genetic and environmental factors at play (232, 233). Lower 

respiratory complications are rarely studied. The pathogenesis of complications such as 

atrophic rhinitis and empty nose syndrome (ENS), which have been linked with total inferior 

turbinate resection (IR), are not well understood. Reduced humidification capacity with dry air 

and extensive mucosal crusting are observed in patients with atrophic rhinitis, but it is unclear 

if air conditioning is a downstream effect of an undetermined cause of atrophic rhinitis (238).  

Results showed that the differences in airflow, warming and humidification between ITR and 

turbinate reduction are small under the studied environmental conditions. They are more likely 
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to carry clinical consequences under extremely cold or dry conditions in particular groups such 

as patients with a poor baseline respiratory function, respiratory illness, or endurance athletes. 

 

9.3 Future studies 

 

Although the findings of low sinonasal mucus penetration for both doxycycline and 

roxithromycin were highly statistically significant, a larger sample size would allow further 

validation and generalization of the data. Our established drug assay methods can be used in 

future studies to analyse serial nasal secretion collections and to evaluate other important 

pharmacodynamic indices linked to efficacy.  

A drawback of drug concentrations reported from whole tissues or secretions is the assumption 

that antibiotics are uniformly distributed within tissue compartments (intracellular, interstitial, 

intravascular). Future studies should evaluate intracellular levels of antibiotics in sinonasal 

secretions since polymorphonuclear leukocytes and macrophages have a high uptake of 

macrolides and tetracyclines. Any differences among patient subgroups such CRSwNP 

compared to CRSsNP, where the penetration of drugs into polypoid tissue compared with non-

polypoid tissue would be of additional interest. More research is required to investigate drug, 

and host-related factors influencing drug penetration, as well as how various covariates such 

as body weight and renal function contribute to the observed differences.  

Greater patient numbers would also help to establish significant changes in bacterial 

communities and clinical responses given the high inter and intra-individual variation observed 

in controls. A longer duration of oral antibiotic therapy and follow up would likely demonstrate 

more pronounced and long-term impacts of antibiotics on the host and its associated 
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microbiota. Future microbiome studies should endeavour to include CRS patients with limited 

antibiotic usage and healthy patients without CRS disease to control for disease and potential 

cumulative effects. They should also consider treating samples with agents that remove non-

replicating cells so only actively replicating bacterial cells are examined.  

In the CFD analyses of post-operative CRS patients, nasal geometry was found to affect 

sinonasal airflow and droplet distribution significantly. This highlighted the importance of 

including a wider spectrum of postoperative patients to ascertain a multi-level approach to 

optimizing topical delivery in the sinuses following surgery. This approach would aim to 

consider the extent of surgery and different nasal device variables. Although only three 

variables were studied relation to nasal spray deposition (particle diameter, spray insertion 

angles and inhalational flow rates), these were considered critical parameters. It would be 

particularly important to study the initial nasal spray conditions coupled with a transient 

breathing profile in more detail in a series of post-FESS patients, with the goal of achieving 

optimal coverage of all the sinuses simultaneously.  

Although devices that produce low inertia droplets may help improve drug delivery in the 

sinuses, they appear only to target regions that receive adequate ventilation. Additional 

strategies to target drug delivery may need to focus more on device factors such as nozzle 

position or orientation and integrate a mechanism that disperses drug particles more widely to 

cover regions that continue to receive low ventilation following surgery. Accordingly, the 

optimization of devices such as nebulizers and metered-dose inhalers may be considered to 

achieve this goal.  

More information is also needed on the adverse effects of FESS on nasal air conditioning in 

extremely cold and dry conditions in groups with poor baseline respiratory function, respiratory 

illness, or endurance athletes are of particular interest. 
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Finally, although CFD modelling is a powerful and cost-efficient technique that explores flow 

behaviours and predict ways in which drug delivery can be optimized, further in vitro cast 

modelling and in vivo studies would significantly increase the validity of the results. Currently, 

we do not have a quantitative in vivo distribution method that provides an accurate three-

dimensional representation of regional drug distribution without using radioisotopes or high-

energy radiation.  
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