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ABSTRACT. 
 
Chronic rhinosinusitis (CRS) is a clinical condition characterised by persistent mucosal 

inflammation of the nasal cavity and paranasal sinuses. The disease burden is associated with a 

significant reduction in quality of life for an individual as well as losses in productivity and 

considerable economic costs. Numerous medical therapies are used to control symptoms 

(including antibiotics, corticosteroids and sinus rinses) with refractory patients usually proceeding 

to endoscopic sinus surgery (ESS). 

 

Microbiological culture data have implicated Staphylococcus aureus and Pseudomonas 

aeruginosa in patients with poorer outcomes and perioperative care is often directed towards 

controlling these organisms. Despite aggressive medical and surgical management, improvements 

in symptoms are not always sustained long-term and many patients relapse or develop recalcitrant 

disease, particularly after discontinuing medications. The reasons for this remain unknown. The 

systematic effects of medical therapies and surgery on bacterial communities, innate immunity, 

wound healing, drug distribution and the physical sinus environment are not well understood. An 

improved understanding of the effects of perioperative treatments would allow for the 

development of more targeted therapies and the rehabilitation of sinus mucosa following surgery. 

 

This thesis investigated the histological differences between germ free and pathogen free mice 

revealing that commensal bacteria contribute significantly to the development of normal mucosa. 

Doxycycline and prednisone were found to have significant effects on the microbiome, using non-

culture dependent molecular microbiological analysis. Using similar methods, ESS and the altered 

postoperative environment were also found to have a significant effect on the microbiome. The in 

vitro effect of xylitol was found to reduce biofilm biomass, inhibit biofilm formation and reduce 

growth of planktonic bacteria in bacterial species associated with CRS. Computational fluid 

dynamics were used to model changes in the physical sinus environment and found differences in 

airflow, temperature, humidity and drug distribution following ESS. Finally, using a rabbit model 

of mucosal injury, perioperative topical therapies were found to have significant effects on 

parameters of wound healing.  

 

This thesis advances the hypothesis that medical therapies and surgery have considerable effects 

on the paranasal ecosystem and seeks to understand some of the most salient interactions between 

disease and treatment.  
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The learning and knowledge that we have  
is, at the most, but little compared  
with that of which we are ignorant. 
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CHAPTER 1. INTRODUCTION.  
 

1.1 Disease burden 

Chronic rhinosinusitis (CRS) is a broad clinical condition characterised by inflammation of the 

sinonasal mucosa persisting for more than 12 weeks and typically presenting with a constellation 

of symptoms including nasal obstruction, mucus discharge, postnasal drip, facial pressure, 

headaches and anosmia.1,2 

 

CRS has a lifetime prevalence of up to 15% in western populations and is associated with 

significant reductions in quality of life, similar to patients with moderate congestive heart failure, 

angina, chronic obstructive pulmonary disease and lower back pain.2-5 In addition to the physical 

burden on the individual, the annual economic burden of CRS has been estimated at around US 

$8.6 billion per annum in costs to the healthcare system of the United States alone.3,6,7 Despite 

this significant expenditure, outcomes following medical and surgical intervention are not 

predictable and treatment effects on bacterial communities and the host innate immune system 

are not well understood. The aim of this thesis is to further our understanding of the effects of 

medical and surgical therapies on the paranasal sinus environment. 

 

 

1.2 Pathophysiology 

The persistent inflammation in patients with CRS has been described as a dysfunctional 

interaction between individual host characteristics and environment factors. While several 

hypotheses have been proposed that emphasise the various host or environmental factors, the 

pathogenesis of CRS remains a matter of debate.8-12  

 

Medical therapies (particularly systemic antibiotics and corticosteroids) provide patients with 

some symptom relief, however the effects do not typically translate to improved long-term 

outcomes.13-16 Failure of medical therapies is usually an indication for endoscopic sinus surgery 

(ESS) which aims to relieve anatomical obstruction, improve mucociliary clearance, reduce 

inflammatory burden and improve postoperative topical drug delivery.17 Despite this, many 

patients continue to have recalcitrant disease and a myriad of ongoing symptoms. 

 

Inflammation of the sinonasal mucosa in an individual is the result of complex interactions 

between environmental allergens, microbial communities, innate immunity and an array of 

therapeutics. However, the interactions of these elements are poorly understood and predictors of 
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long-term success are not known. A greater understanding of the disease processes with 

correlation to clinical course and response to therapy is needed to rehabilitate patients and reliably 

facilitate improved long-term outcomes. 

 

1.2.1 Bacteria 

Until recently, normal healthy sinuses were considered sterile. Culture studies performed in the 

last 30 years have indicated this is not the case and described bacterial culture rates between 18-

41% in healthy subjects.18-21 When culture based studies of patients with CRS have been 

compared with controls, no particular species or patterns of diversity were able to be implicated 

that exist in disease but not health.21 However, in patients with established CRS, the isolation of 

Staphylococcus aureus and Pseudomonas aeruginosa have been consistently correlated with 

recalcitrant disease and poor postoperative outcomes.22-25 The mechanism by which these bacteria 

contribute to chronic inflammation and poorer outcomes in patients with CRS but not in healthy 

controls, remains uncertain. 

 

More recently, newer technologies and reduced costs have allowed for molecular characterisation 

of bacterial communities and descriptions of the human microbiome.26 Analysis of the 16S rRNA 

bacterial genes obtained from swabs and tissue of the paranasal sinuses have provided researchers 

with a higher resolution description of bacterial communities that exist in health and disease.27,28 

Despite this growing index, the role of bacteria and microbial communities in health, development 

of disease, disease recalcitrance and rehabilitation following treatment, is poorly understood. 

 

1.2.2 Biofilms 

Biofilms are communities of microbes with altered growth and gene transcription phenotypes, 

embedded in a self-produced extracellular matrix and attached to a surface.29 These communities 

have been observed at a greater frequency on the mucosa of patients with CRS relative to 

controls.30 Although no definitive conclusion about the role of biofilms in precipitating or 

perpetuating inflammation in CRS has been established, the balance of evidence suggests that 

biofilms provoke an immune response and are likely to be involved in the pathogenesis of CRS. 

It is likely that bacteria undergo transformation from free-living, unicellular organisms to a 

biofilm in response to environmental stressors that initiate changes in multiple regulatory 

networks, which control functions such as surface adhesion, bacterial appendages (e.g. flagella 

and pili) and production of an extracellular matrix.31,32 Not all CRS patients have detectable 

biofilms, and it is unknown why some patients develop biofilms and others do not. Patients with 

biofilms are more likely to have poorer postoperative outcomes in terms of endoscopy scores, 

clinic visits and quality-of-life indicators.22,25,33-35 A recent study has also shown biofilms 
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adherent to disrupted nasal epithelium provoke a greater immune response than bacteria colonised 

over normal epithelium.36 An association between biofilms and increased numbers of eosinophils 

and plasma cells has also been reported.37 Biofilms have been suggested to encourage a T-helper 

2 (Th2) skewing of the host’s adaptive immune response.34 Prior work has also found that 

sinonasal bacterial biofilms correlate with T-helper 1 (Th1) skewing without provoking a systemic 

inflammatory response, which is abrogated by oral corticosteroids.38 Given the evidence that 

suggests that biofilms may be involved in the pathogenesis of CRS and are associated with a 

worse prognosis, the question has been asked whether it is possible to remove biofilms to improve 

clinical outcomes. (Figure 1.1) 

 

 

Figure 1.1: a) Scanning electron micrograph of sinus mucosa in CRS, showing bacteria and disrupted cilia. 
b) Healthy sinus mucosa. Successful long-term treatment of bacterial biofilms will almost certainly 
necessitate the restoration of mucociliary function.  
 

 

1.3 Medical therapy 

Optimisation of medical therapies (usually consisting of antibiotics, systemic corticosteroids and 

topical corticosteroids), is considered the standard first line treatment of CRS.1,2 While these 

improve symptom scores for a majority of patients, these medications are currently prescribed 

without a clear understanding of the effect on microbial communities (pathogens and 

commensals), healing mucosa and innate immunity. A greater understanding of the effects of 

these medications is needed to rationalise use and develop targeted therapies. Antibiotics and 

corticosteroids have been regularly reported as two of the most common medications associated 

with medico-legal claims in rhinology.39 
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1.3.1 Antibiotics 

Rhinosinusitis now accounts for more than 11% of all antibiotic prescriptions in the United States, 

more than any other primary diagnosis.40 Many patients with CRS are treated with multiple and 

often prolonged courses of antibiotics. The evidence of efficacy for antibiotics in CRS is not 

overwhelming.2 Macrolides have been shown to reduce symptom severity in patients with CRS 

without nasal polyposis, but the duration of this effect once the antibiotic course has finished has 

not been well defined.41 Some patients may benefit from up to six months of macrolide treatment 

following surgery.16 It may be that the limited efficacy of antibiotics in CRS is a consequence of 

the relative antibiotic resistance of bacteria growing within biofilms. Studies have demonstrated 

that bacteria removed from biofilms and returned to a planktonic state revert to their previous 

susceptibilities, whereas biofilm-associated bacteria can develop heritable resistance mechanisms 

(such as horizontal gene transfer or adaptive mutations).31 More recently, studies are emerging 

that suggest antibiotics may be implicated in the development of CRS.42 A greater understanding 

of the microbiome is needed to assist with the development of novel, non-antibiotic antimicrobial 

agents. 

 

Given the relative lack of efficacy of systemic antibiotics in CRS, topical antibiotic agents (which 

may have greater anti-biofilm activity) have been investigated. In vitro studies of topical 

antibiotics against biofilms have suggested this approach may be effective. Moxifloxacin was 

found to cause a reduction of more than 99% plated S. aureus at 1000x minimal inhibitory 

concentration for 24 h.43 A study comparing mupirocin, ciprofloxacin and vancomycin found that 

concentrations of mupirocin equal to or lower than 125 mg/ml could reduce S. aureus biofilm 

mass by more than 90%.44 Ciprofloxacin and vancomycin were not found to be as effective.  

 

In a randomised control trial, mupirocin rinses were evaluated against saline rinses in patients 

with recalcitrant CRS.45 S. aureus could be cultured from only 11% of patients treated with twice-

daily rinses of mupirocin solution, whereas all of the patients in the control treatment arm had 

positive cultures. Unfortunately, this treatment effect was not maintained at 2 or 6 months after 

therapy was stopped.  

 

An early pilot suggested that treatment with intranasal amphotericin-B may reduce mucosal 

thickening and intranasal markers for eosinophilic inflammation.46 However, several large studies 

and subsequent meta-analyses have been unable to show that antifungal treatment has any 

significant benefit on clinical outcomes.47-50  
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1.3.2 Corticosteroids 

The use of topical and systemic corticosteroids has significantly improved the management of 

inflammatory airway disease. It is thought that corticosteroids reduce eosinophil activation and 

chemotactic cytokines secreted by airway tissues.51-55 Daily topical corticosteroid treatment in 

CRS has GRADE A (Level 1a: 2 studies, Level 1b: 2 studies) evidence for improved symptom 

and endoscopy scores.1 However, it is still unclear what effect corticosteroids have on bacterial 

microflora and wound healing.  

 

Studies in dermatology have shown that topical corticosteroids applied to atopic dermatitis both 

reduce inflammation and the carriage of Staphylococcus aureus.56,57 Similarly, intranasal 

corticosteroid sprays have been shown to reduce the culture rates of bacteria from CRS patients, 

particularly following surgery. In one study, patients who had regularly used intranasal topical 

steroids in the previous 30 days had a significant reduction in culture rate (35 vs. 61% in non-

users; p = 0.0001).58 A recent in vitro study has demonstrated the ability of corticosteroids to 

reduce S. aureus biofilm formation.59 Although lower concentrations were not found to be 

effective, higher concentrations of fluticasone (400 µg/200 µl), budesonide (750–2000 µg/200 µl) 

and mometasone (300–400 µg/200 µl) were associated reductions in biomass.  

 

 

1.4 Endoscopic sinus surgery 

If medical therapies are unable to adequately control symptoms, patients are usually offered 

endoscopic sinus surgery. In this setting, endoscopic sinus surgery has been shown to convey 

significantly higher levels of symptomatic improvement and improved quality of life over medical 

therapy alone.60 The primary goals of surgery are usually to relieve anatomical obstruction, obtain 

a patent nasal airway, reduce the inflammatory load and open the sinuses to improve postoperative 

topical drug delivery.1,17 However, the mechanisms by which surgery improves clinical outcomes 

are not well understood. The effect of surgery on the physical sinus environment, microbial 

communities or the extent of surgery required to optimise drug delivery and improve long-term 

outcomes are not known. 

 

1.4.1 Perioperative paranasal environment 

During endoscopic sinus surgery, the processes of ostial enlargement and reduction of 

inflammatory tissues may create large mucosal wounds. There is probably a critical period of 

healing in the early postoperative period in which cilial function and sinus patency need to be 

restored in order to re-establish healthy sinus function. Agents that enhance wound healing in the 
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context of mucosal inflammation are likely to improve the results of endoscopic sinus surgery. 

Alterations in mucociliary clearance, abnormalities in the sinonasal epithelial cell barrier, and 

tissue remodelling are all likely to contribute to the chronic inflammatory and tissue-deforming 

processes characteristic of CRS. Additionally, the host innate and adaptive immune responses are 

significantly activated and might be involved in pathogenesis.61 Successful rehabilitation of 

mucosa after surgery is likely to involve targeted medical therapies and surgery to improve the 

epithelial barrier and cilia regeneration, upregulate innate immunity and reduce inflammation, 

reduce scaring and crusting, and restoring healthy microbial communities.  

 

1.4.2 Drug delivery 

Topically delivered corticosteroids have been a desirable modality of therapy. They are effective 

and safe for long periods of use without the side effects of systemic treatment. A need for more 

effective delivery to anatomically challenging regions of the paranasal sinuses has resulted in the 

use of medicated large volume saline rinses and steroid eluting stents.62,63 Ostial sizes of greater 

than 4 mm are required for topical therapies to reach the maxillary sinuses and the frontal and 

sphenoid sinuses are virtually inaccessible to topical treatment prior to endoscopic sinus surgery.64 

Although surgery improves accessibility to an extent, there remains a need for improved methods 

of targeted delivery of anti-inflammatory drugs and mucolytics with sustained improvements and 

minimal side effects. 
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1.5 Hypotheses 

This thesis aims to investigate the effects of conventional and novel medical therapies and surgery 

on paranasal sinus ecosystem by describing changes in bacterial communities, wound healing and 

the physical sinus environment. Furthermore, the aim is to describe broadly the effects of 

numerous subsystems that exist in the perioperative management of patients with CRS. This 

approach aims to consider the complex interactions of the paranasal ecosystem as a diverse entity, 

rather than focusing on a single pathophysiologic element (e.g. bacterial communities). 

 

 

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

 

 

Chapter 2:  that commensal microbial communities have a role in the normal development of 

mucosa. 

 

Chapter 3:  that systemic antibiotics and corticosteroids are able to cause shifts in sinonasal 

bacterial communities. 

 

Chapter 4:  that xylitol, an inexpensive, non-antibiotic antimicrobial agent, can be used 

topically to disrupt biofilms. 

 

Chapter 5:  that anatomical changes from surgery affect the physical characteristics of the 

sinus ecosystem and drug deposition. 

 

Chapter 6:  that surgery and an altered postoperative physical environment affects the 

microbial ecosystem. 

 

Chapter 7:  that topical therapies can affect wound healing in the early postoperative period. 

 

 

 

The above chapters have been published in peer reviewed otorhinolaryngology journals. 
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CHAPTER 2. DIFFERENCES IN THE PARANASAL SINUSES BETWEEN GERM-FREE AND 

PATHOGEN-FREE MICE. 
 

2.1 Abstract 

2.1.1 Background 

The role of bacteria in the aetiology of chronic rhinosinusitis (CRS) is not fully understood. 

Commensal bacteria may have a significant impact on the development of normal paranasal sinus 

anatomy and mucosal immunity, as they do in the gut. Studying the paranasal sinuses of germ-

free mice (GFM) may provide some insight into the effect of commensal bacteria on sinus 

structure and mucosal function. 

 

2.1.2 Methods  

The paranasal sinuses of five GFM were compared to five pathogen-free normal mice. Mice heads 

underwent computed tomography and images compared for pneumatisation and geometry of the 

sinuses. Histologically, slides were examined by light microscopy and compared for mucosal 

thickness, epithelial thickness, cilia, collagen, goblet cells and nasal-associated lymphatic tissue 

(NALT). 

 

2.1.3 Results 

No radiological differences were seen between groups. Overall, GFM were found to have thinner 

mucosa (D 15.2 ± 5.2 µm, p = 0.004), thinner epithelium (D 5.5 ± 2.6 µm, p = 0.037), more 

collagen (D 5.8 ± 1.6 %, p < 0.001), fewer goblet cells (D 29.3 ± 5.4, p < 0.001) and less NALT 

(D 14900 ± 6700 µm2, p = 0.04). Sub-analysis by region revealed significant differences for GFM 

in the middle (thinner mucosa, thinner epithelium, fewer cilia and more collagen) and posterior 

(fewer goblet cells) sinus sections. 

 

2.1.4 Conclusions  

The results of this study demonstrate that commensal microbiota significantly contribute to the 

structure and function of murine paranasal sinuses. Therefore, changes in commensal microbiota 

associated with CRS may alter the normal microbe host dialogue in humans and be implicated in 

the pathogenesis of CRS. 

 

 

 

 



 9 

2.2 Introduction 

Complex microbial communities have been observed in the paranasal sinuses of patients with 

chronic rhinosinusitis (CRS). Bacteria exist in planktonic states, structured biofilms and within 

the mucosa in small intracellular and extracellular colonies. However, the influence of these 

communities on the precipitation and perpetuation of CRS remains unknown.  

 

The interactions between the microbiota, the innate immune system and mucosal tissue are not 

well understood. Elucidation of these interactions may help guide the development of new clinical 

approaches to CRS. 

 

The relationship between bacteria and gastrointestinal mucosa has been described in germ free 

animal models.65,66 These studies of the intestines of germ free mice have found reduced intestinal 

hydration, less lamina propria, a reduced total mucosal surface area and down regulation of the 

mononuclear phagocyte system. Further studies have credited commensal bacteria in the intestine 

with the control of inflammation that normally exists in health by affecting expression of host 

defence components, which promote development of intestinal innate immunity and local 

immunity.67-69 Inflammatory bowel disease has been suggested to occur due to an altered 

abnormal response to commensal antigens rather than a normal immunological response to 

specific pathogens. Accordingly, it is believed that indigenous gut bacteria are centrally involved 

in the development of inflammatory bowel disease.70 Recently, complex microbial communities 

have been described in the sinuses of patients with and without CRS. These studies have suggested 

a shift in disease towards a reduction of species diversity and richness.71 To date, it remains 

unclear how this dysbiosis is acquired and what the implications are for improving clinical 

outcomes, including post-operative mucosal healing.  

 

The aim of this study was to describe the relationship between host microbiota and the functional 

components of mucosal tissue by comparing histological differences in the paranasal sinuses 

between germ free (animals free of microbial colonisation) and specific pathogen-free mice 

(animals with normal commensal microbiota but free of a wide range of pathogens). 

 

 

2.3 Subjects and methods 

In this study five germ-free (GF) and five conventional, specific pathogen-free (SPF) mice were 

compared. Germ-free and SPF mice (C3H/Orl, Charles River Laboratories International, Saint-

Germain-Nuelles, France) were maintained in isolators at the Royal Veterinary College, 

University of London, or in individually ventilated cages at the animal care facilities of Queen 
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Mary University of London respectively. Animal care was approved by the institutional animal 

ethics committee.  

 

The sterility of GF animals was examined by aerobic and anaerobic culture of oral swabs and 

faecal pellets on non-selective media and by PCR using universal 16S primers. Studies further 

describing the sterility of this GF colony and which bacteria have been isolated from the SPF mice 

have been previously published.72-75 

 

Mice were decapitated and fixed in fresh Carnoy’s solution at University of London before being 

sent to The University of Auckland for radiological and histological analysis. All animals were 

10-12 week old males and euthanised following five minutes of carbon dioxide asphyxiation. 

 

2.3.1 Radiological analysis 

All mice heads underwent computed tomography (Skyscan-1172, Bruker microCT, Kontich, 

Belgium). Images were acquired in 35 µm slices in coronal and sagittal planes. Images were 

compared at the levels of the superior tooth, the anterior aspect of the secondary maxillary sinus, 

the anterior aspect of the true maxillary sinus, the ethmoid sinuses at the level of the orbits and 

the sphenoid sinuses at the most anterior aspect of the brain. (Figure 2.1) Measurement of the 

maximal sinus width was taken at each level for each animal using ImageJ (National Institute of 

Health, Bethesda, MD; http://imagej.nih.gov/ij) and compared between the mice groups by level 

and overall average. 

 

2.3.2 Tissue Preparation 

The mice heads were decalcified in 10% formic acid for one week before being transferred to 

70% ethanol. The mice snouts were divided into three (approx. 3 mm) sections through the 

paranasal sinuses – representing an anterior segment, middle segment and posterior segment. 

These segments were processed and embedded in paraffin. Sections were cut on a microtome at 

5 µm. Multiple slides were prepared and stained with Sirius red-light green, periodic acid Schiff-

Alcian blue, immunohistochemical and hematoxylin and eosin stains. (Figure 2.1) 
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Figure 2.1: a) Three-dimensional reconstruction of 35µm microCT slice of a germ-free mouse head. 
Capital letters (A-C) indicate the regions of tissue sampling – anterior, middle and posterior sections. 
Lower case letters (a-e) indicate five locations of microCT sampling. b) Coronal tissue sections through 
the three anterior regions of histologic sampling. anterior (A), middle (B) and posterior (B). c) Coronal 
microCT images through the five radiologic sampling regions. Superior tooth (a), anterior aspect of the 
secondary maxillary sinus (b), anterior aspect of the true maxillary sinus (c), the ethmoid sinuses at the 
level of the orbits (d) and the sphenoid sinuses at the most anterior aspect of the brain (e). 
 

 

2.3.3 Histological analysis 

Slides were prepared for each of the three regions of each mouse. Sections were analysed 

independently by two authors (RJ and SWT), who were blinded to mouse group. Slides from each 

region stained with Sirius red-light green were digitally slide scanned (MetaSystems GmbH, 

Altlussheim, Germany) and analysed for cilia, collagen content, mucosal thickness and epithelial 

thickness in ImageJ (National Institute of Health, Bethesda, MD; http://imagej.nih.gov/ij) A total 

of eight regions were measured for each slide (four from the left side and four from the right). 

Epithelial and mucosal thicknesses were measured using calipers following scale calibration in 

ImageJ. Collagen was calculated as a percentage of the full-thickness mucosal tissue following 

colour deconvolution and thresholding for collagen in ImageJ. The presence of cilia was graded 

on a subjective scale from 0 (absent cilia) to 3 (full brush border). The total numbers of goblet 

cells per slide were counted on sections stained with periodic acid Schiff–Alcian blue. 

 

Lymphocytes were analysed in the regions of nasal-associated lymphatic tissue (NALT), which 

were seen in the posterior sections of each mouse using immunohistochemistry. Five micrometer 

sections from each mouse were stained with CD3 1:300 (Leica Biosystems, Nussloch, Germany) 

and CD45R/B220 Biotin 1:20 (BD Biosciences, Franklin Lakes, NJ) for 4 degrees overnight. This 

was followed by either the Novalink Polymer Detection System (Leica Biosystems, Nussloch, 

Germany) or Streptavadin HRP (NEN, Boston, MA) respectively and diaminobenzidene (DAB). 
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ImageJ was used to perform colour deconvolution on NALT regions to isolate the brown channel 

for DAB positivity and then calculate areas of positivity as a percentage of total NALT area. 

 

2.3.4 Statistical analysis 

Statistical analyses were performed using SPSS (Version 22; IBM, New York). The difference 

between pooled mean scores of the GF and SPF mice were compared using a 2-tailed Student’s 

t-test. Statistical significance for all tests was accepted when p < 0.05. Results are presented as 

mean ± standard error. 

 

 

2.4 Results 

2.4.1 Radiology 

No significant differences were seen between GF mice and SPF mice when CT images were 

compared by overall group average (D 0.008 ± 0.09 µm, p = 0.9). Further analysis by sublevels 

showed no significant differences at all levels - superior tooth (D 0.03 ± 0.05 µm, p = 0.5), the 

secondary maxillary sinus (D 0.006 ± 0.06 µm, p = 0.9), the true maxillary sinus (D 0.08 ± 0.08 

µm, p = 0.4), the ethmoid sinuses (D 0.05 ± 0.06 µm, p = 0.5) and the sphenoid sinuses (D 0.03 ± 

0.08 µm, p = 0.7). 

 

2.4.2 Histology 

Initially the scores from all sites and regions were pooled and results between GF mice and SPF 

mice compared. (Table 2.1) Respiratory epithelium was found in the anterior and middle sections, 

while the posterior section was exclusively olfactory epithelium in both groups of mice. 

 

Overall differences were seen for mucosal thickness (D 15.2 ± 5.2 µm, p = 0.004), epithelial 

thickness (D 5.5 ± 2.6 µm, p = 0.04), tissue collagen (D 5.8 ± 1.6 %, p < 0.001) and total number 

of goblet cells (D 29.3 ± 5.4, p < 0.001). No significant difference in cilial score was seen between 

the two groups (D 0.1 ± 0.06). (Table 2.1, Figures 2.2 and 2.3) 

 

Sub-analysis by region (Table 2.2) demonstrated differences for mucosal thickness in the middle 

segment (D 33 ± 11 µm, p = 0.004), epithelial thickness in the middle segment (D 10 ± 1.9 µm, p 

< 0.001), cilial scores in the middle segment (D 0.3 ± 0.1, p = 0.003), tissue collagen in the anterior 

and middle segments (D 12.0 ± 3.2 %, p < 0.001 and 5.6 ± 1.5 %, p = 0.001) and goblet cells in 

the anterior and posterior segments (D 68 ± 13, p < 0.001 and 16 ± 2.6, p < 0.001). (Table 2.2) 
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The overall area of NALT tissue was significantly less in GF animals (D 14900 ± 6700 µm2, p = 

0.04). (Figure 2.4) On average GF mice had slightly fewer CD3 (D 5.7 ± 6.1 %, p = 0.4) and fewer 

CD45R/B220 (D 2.2 ± 7.9 %, p = 0.8) than SPF animals, although this was not significant for 

either group. Macrophages were not present in sufficient numbers in any tissue sections for 

analysis. 

 

 

Figure 2.2: Comparison of sinus mucosa from the middle section of GF and SPF mice (respiratory 
epithelium). GF mucosa has a thin and squashed-like appearance. Magnification: ×20. Stain: Sirius red-
light green. GF = germ-free; SPF = specific pathogen-free.  
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Table 2.1: Combined results from anterior, middle, and posterior sections of sinuses, comparing GF and 
SPF mice. 

variable group average average difference 
(± SE) difference (%) p value 

mucosal thickness (µm) 
GF 63.0 

15.2 ± 5.2 24% = 0.004* 
SPF 78.1 

epithelial thickness (µm) 
GF 22.6 

5.5 ± 2.6 24% = 0.037* 
SPF 28.1 

cilial score 
GF 2.7 

0.1 ± 0.06 4% = 0.067 
SPF 2.8 

collagen (%) 
GF 12.8 

5.8 ± 1.6 45% < 0.001* 
SPF 7.0 

total goblet cells 
GF 23.6 

29.3 ± 5.4 124% < 0.001* 
SPF 52.9 

NALT area (µm2) 
GF 35000 

14900 ± 6700 30% = 0.04* 
SPF 49900 

CD3 (%) 
GF 19.8 

5.7 ± 6.1 29% = 0.362 
SPF 25.5 

CD45R/B220 (%) 
GF 45.4 

2.2 ± 7.9 5% = 0.781 
SPF 47.6 

* Significant at p < 0.05. SE = standard error; GF = germ-free; NALT = nasal-associated lymphatic 
tissue; SPF = specific pathogen-free.  
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Figure 2.3: Comparison of collagen (dark pink, arrowheads) content in sinus mucosa between GF and SPF 
mice following colour deconvolution. Slides are from the middle section (respiratory epithelium). GF mice 
appear to have a higher concentration of more densely organised collagen in the mucosa. Magnification: 
x20. GF = germ-free; SPF = specific pathogen-free. 
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Table 2.2: Results comparing GF and SPF mice, tabulated by anterior, middle, and posterior sinus regions. 

region variable group average average difference 
(± SE) 

difference 
(%) p value 

anterior segment 
(respiratory 
epithelium) 

mucosal thickness 
(µm) 

GF 48.8 
6.6 ± 5.3 12% = 0.216 

SPF 55.4 

epithelial 
thickness (µm) 

GF 10.2 
1.2 ± 0.8 11% = 0.144 

SPF 11.4 

cilial score 
GF 2.7 

0.0 ± 0.1 0% = 1.000 
SPF 2.7 

collagen (%) 
GF 27.0 

12.0 ± 3.2 80% < 0.001* 
SPF 15.0 

total goblet cells 
GF 22.5 

68.4 ± 13.0 75% < 0.001* 
SPF 90.9 

middle segment 
(respiratory 
epithelium) 

mucosal thickness 
(µm) 

GF 54.5 
32.9 ± 11.0 38% = 0.004* 

SPF 87.4 

epithelial 
thickness (µm) 

GF 11.0 
9.9 ± 1.9 47% < 0.001* 

SPF 20.9 

cilial score 
GF 2.5 

0.3 ± 0.1 11% = 0.003* 
SPF 2.9 

collagen (%) 
GF 9.6 

5.6 ± 1.5 142% = 0.001* 
SPF 4.0 

total goblet cells 
GF 34.0 

3.1 ± 3.6 8% = 0.398 
SPF 37.0 

posterior segment 
(olfactory 

epithelium) 

mucosal thickness 
(µm) 

GF 85.6 
6.0 ± 7.9 7% = 0.453 

SPF 91.5 

epithelial 
thickness (µm) 

GF 46.6 
5.4 ± 3.6 10% = 0.135 

SPF 52.0 

cilial score 
GF 3.0 

0.0 ± 0.0 0% = 1.000 
SPF 3.0 

collagen (%) 
GF 2.0 

0.2 ± 0.5 9% = 0.701 
SPF 2.2 

total goblet cells 
GF 14.4 

16.3 ± 2.6 53% < 0.001* 
SPF 30.7 

NALT area (µm2) 
GF 35000 

14900 ± 6700 30% = 0.04* 
SPF 49900 

CD3 (%) 
GF 19.8 

5.7 ± 6.1 29% = 0.362 
SPF 25.5 

CD45R/B220 (%) 
GF 45.4 

2.2 ± 7.9 5% = 0.781 
SPF 47.6 

*Significant at p < 0.05. SE = standard error; GF = germ-free; NALT = nasal-associated lymphatic 
tissue; SPF = specific pathogen-free.  
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Figure 2.4: Depiction of CD3 and CD45 staining (dark brown) in NALT tissue found in the posterior 
sections of GF and SPF mice. Note the smaller size of NALT tissue in GF animals. Magnification: x8. GF 
= germ-free; NALT = nasal-associated lymphatic tissue; SPF = specific pathogen-free.  
 

 

2.5 Discussion 

Mucosal surfaces of the body are continually exposed to antigenic stimulation by commensal and 

pathogenic bacteria. These bacteria need to be tolerated by the mucosal immune system to 

maintain homeostasis. Imbalance of the commensal communities may cause mucosal disease. In 

the absence of exposure to bacterial stimulus, the intestinal mucosa of a GF mouse has been found 

to be significantly different from normal mice. This study has shown that in the absence of 

commensal bacterial communities in the paranasal sinuses, the mucosa and epithelial layer are 

thinner, there are fewer cilia, fewer goblet cells and more collagen. The findings of this study 

reflect those previously described in the gut of GF mice.65,66 Without the antigenic stimulus of the 

luminal bacteria, the intestinal wall is thinner, less cellular and less hydrated. Villi are thinner and 

Peyer’s patches are smaller. Both mucosal surface area and lamina propria are reduced with a 
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sparse stroma and reduced numbers of lymphocytes and macrophages.65,66 Similar effects have 

been seen in chickens, guinea pigs, rabbits and rats.65  

 

The innate immune mechanisms of the paranasal sinuses are likely to be different from the gut, 

and this model was unable to identify leukocytes in mucosal tissues of either GF or SPF mice, 

which may have provided some insight into the effects of microbiota on mucosal innate immunity. 

However, the comparison of NALT regions in this study has shown significant hypotrophy of 

tissue in GF mice without any significant differences in ‘T’ cell (CD3) or ‘B’ cell (CD45) 

composition. The significant reduction in NALT area mirrors previous descriptions of smaller 

Peyer’s patches seen in the germ free gut.65,66 

  

A gross, localised characteristic of the GF gut is the enlargement of the cecum.65,66 Interestingly, 

in this study regional differences were also seen in GF paranasal sinuses. Differences in tissue 

parameters were not found in all of the study regions (anterior, middle and posterior sections of 

the snout). The majority of differences between GF and SPF animals were found in the middle 

section of the snout. This included reductions in mucosal thickness, epithelial thickness and cilia. 

Germ free animals had significantly higher concentrations of collagen in the anterior and middle 

sections but there was little difference in the posterior region where the collagen concentration in 

tissue was overall much lower. Goblet cells were much lower in the in the anterior and posterior 

sections. These differences may possibly be explained by differences in bacterial abundance found 

in the different regions of the nasal cavity, particularly within sinuses or around ostia.76 

Histologically, middle and anterior regions grossly differ by being comprised of respiratory 

epithelium as opposed to olfactory mucosa in the posterior region. 

 

It was previously thought that the sinuses, particularly the maxillary sinuses, were sterile. Recent 

studies have demonstrated conventional culture rates of between 18-41% from healthy patients.18-

20 More recent studies using molecular microbiological techniques have shown that a complex 

microbiota exists in the middle meatus, even in healthy volunteers.28,71,77-79 The mucosa and 

mucociliary clearance provide a physical barrier that is able to maintain an optimal local 

environment. A loss of optimised mucus production, ciliary transport, tissue support and structure 

may increase the risk of acute infections and perpetuation of chronic infections. 

 

This study shows that bacterial communities significantly influence paranasal sinus tissue 

development. Several studies have now demonstrated losses of bacterial richness, evenness and 

diversity in patients with CRS.71 As bacterial communities can influence the development of our 

tissues, restoration of normal bacterial communities around the time of surgery may be necessary 
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to facilitate restoration of healthy functioning tissue. It may be possible that antibiotics around the 

time of surgery are likely to be deleterious by exacerbating this effect, which may in turn 

negatively affect tissue healing in the early postoperative period. Changes in tissue structure may 

also further facilitate the entry of bacteria into intercellular spaces.80 Evidence is mounting for use 

of ‘probiotics’ (increasing bacterial richness and diversity) in restoring healthy functional tissue 

and achieving better long-term outcomes.81-83 Probiotics in the gut have demonstrated a protective 

effect against intestinal inflammation by local stimulation of epithelial innate immune 

responses.84 Germ free mice with inflammatory bowel disease recolonised with gut microbiota 

have demonstrated a significant reduction in inflammation.83 Similarly, the morphology of a 

normal small intestine has been previously shown to develop some characteristics of the GF state 

(reduced lamina propria and phagocytic cells) following the addition of antibiotics to the diet.65 

These changes can be reverted with probiotics.82 

 

Colonisation by commensals in early development or childhood may be necessary for 

development of functional mucosal tissues. The peak prevalence of CRS is in early adulthood and 

is not typically found in childhood.2 This suggests that CRS is likely to be influenced by 

environmental or genetic factors that are expressed during early adulthood, which may ultimately 

lead to a depleted or altered microbiome. Commensal bacteria of the gut, for example, may take 

up to six months to recover fully from an antibiotic insult.85 Improved hygiene in developed 

nations and repeated courses of antibiotics in the first two decades of life may cause dysbiosis and 

heightened immune sensitivity leading to inappropriate responses to usually harmless or 

commensal microbiota in our environment and chronic inflammation.86,87 

 

 

2.6 Conclusion 

Commensal microbiota within the paranasal sinuses of mice were found have an effect on mucosal 

development, influencing epithelial and mucosal thickness, collagen content, numbers of goblet 

cells and cilia. These findings suggest that changes in commensal communities may have a role 

in the pathogenesis of CRS and influence tissue regeneration after surgery. 
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CHAPTER 3. THE EFFECT OF MEDICAL TREATMENTS ON THE BACTERIAL 

MICROBIOME IN PATIENTS WITH CHRONIC RHINOSINUSITIS: A PILOT STUDY. 
 

3.1 Abstract 

3.1.1 Introduction 

Antibiotics and corticosteroids are prescribed to patients with chronic rhinosinusitis (CRS) to 

reduce bacterial burden and mucosal inflammation. Unfortunately, clinical improvement is often 

short-lived and symptoms frequently recur following cessation of treatment. The impact of these 

systemic therapies on bacterial communities is not well understood. Improved knowledge of how 

medical therapies influence the intranasal ecosystem may allow for more effective prescribing 

and the development of more targeted treatments. 

 

3.1.2 Methods 

Twenty patients with CRS were randomised to receive either doxycycline 100 mg twice daily or 

prednisone 30 mg once daily for 7 days. A further six patients with CRS were recruited as 

untreated controls. Swabs were taken immediately before and after the study period. Symptom 

scores (SNOT-22) were recorded. Bacterial communities were characterised using 16S rRNA 

gene-targeted amplicon sequencing. Bacterial abundance was estimated using quantitative PCR 

of 16S rRNA gene copies. 

 

3.1.3 Results 

Bacterial profiles were dominated by members of the genera Corynebacterium and 

Staphylococcus. Patients treated with either doxycycline or prednisone had variable and 

unpredictable changes in communities. The average relative abundance of Propionibacterium 

increased after treatment in the doxycycline treatment group, and Corynebacterium reduced in 

the prednisone group. Significant differences in clinical scores, bacterial community richness, 

diversity, and bacterial abundance were not seen after treatment. 

 

3.1.4 Conclusions 

The short-term response of bacterial communities to antibiotic or corticosteroid therapy is 

unpredictable. This study suggests that the use of systemic therapy in patients with stable CRS 

should be rationalised to minimise antibiotic-associated morbidity and bacterial dysbiosis. 
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3.2 Introduction 

A number of studies have implicated bacteria in the pathogenesis of chronic rhinosinusitis (CRS). 

Bacterial cultures of mucosal swabs positive for Staphylococcus and Pseudomonas have been 

associated with postoperative disease recalcitrance.22-25 Similarly, the presence of paranasal 

biofilms and sub-epithelial bacterial colonies can predict poorer long-term outcomes.25,33,35,88 

Antibiotics are frequently prescribed for patients with CRS with the aim of suppressing 

pathogenic bacteria.40 However, there is little evidence that antibiotic therapy results in favourable 

long-term outcomes,13-16,41 and  furthermore, recent studies have suggested that antibiotic 

exposure may be implicated in the development of allergic disease and chronic inflammation in 

the sinonasal cavities.42,89-91  

 

The evidence for efficacy of short courses of oral corticosteroids for CRS with nasal polyps is 

considerably stronger than for antibiotics, with studies demonstrating significant improvements 

in symptoms and reductions in polyp size, inflammatory markers, radiological scores, endoscopy 

scores, and a duration of effect lasting up to 12 weeks.1 However, the effects of systemic 

corticosteroids on sinonasal microbial communities are unknown. 

 

An improved understanding of how these medical therapies affect bacterial communities in 

patients with CRS is needed and may assist in rationalising the use of systemic antibiotics and 

corticosteroids to improve long-term outcomes. This randomised trial aimed to describe the 

effects of oral antibiotics and corticosteroids on the bacterial microbiome within the paranasal 

mucus in patients with CRS. 

 

 

3.3 Methods 

3.3.1 Patients and study design 

Twenty subjects for whom endoscopic sinus surgery was indicated for extensive bilateral 

idiopathic CRS were recruited and randomised at a 1:1 ratio using a random number generator to 

receive either doxycycline (100 mg, twice daily) or prednisone (30 mg, once daily) for seven days. 

Patients met the criteria of the 2012 European Position Paper (EPOS) definition of CRS.2 An 

additional six patients were recruited as controls and received no study medication. The middle 

meatuses of all patients were swabbed during the initial visit (time point one) and again seven 

days later (time point two). Patients and investigators were kept blinded to randomisation until 

completion of the study. Patients were asked to keep a compliance diary of medication taken, 

which was checked during the second-time point consultation. 
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Exclusion criteria included patients who had a diagnosis of cystic fibrosis, immunodeficiency, 

congenital mucociliary impairment, fungal sinusitis, vasculitis, had undergone previous nasal 

surgery, were smokers, or were less than 18 years of age. Patients on oral antibiotics or systemic 

corticosteroids in the four weeks prior to recruitment were also excluded. All patients were 

continued on daily topical corticosteroid nasal sprays and regular sinonasal saline lavage. Lund-

Mackay scores and patient demographic data were collected. Lund-Kennedy scores, swabs, 

mucosal pH measurements and Sinonasal Outcome Test (SNOT-22) scores were collected at each 

time point.92  

 

Samples were collected in clinic without the use of topical mucosal vasoconstrictors and 

anaesthetics. A pair of endoscopically guided swab samples was taken from the left middle meatus 

using sterile rayon-tipped swabs (Copan Diagnostics, Inc., Murrieta, CA). Swabs were discarded 

and retaken if contaminated by mucosa outside the target region. Samples were transported on ice 

within 2 h to the laboratory, and stored at −20°C until further analysis. 

 

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

(14/NTA/134/AM02), and written informed consent was obtained from all participants. The study 

was registered online with The Australian and New Zealand Clinical Trials Registry. 

 

3.3.2 DNA extraction 

DNA was extracted from the paired swabs using sterile Lysing Matrix E bead tubes (MP 

Biomedicals, Seven Hills, NSW, Australia) and the AllPrep DNA/RNA Isolation Kit (Qiagen, 

Hilden, Germany).28 

 

3.3.3 Bacterial community sequencing 

Sample preparation and amplicon sequencing were conducted as previously described.89,93 In 

brief, bacterial communities were evaluated via gene-targeted amplicon sequencing of the V3-V4 

region of the 16S rRNA gene, using the primers 341F and 806R94, together with Nextera DNA 

Library Prep Kit adapters. PCR reactions were carried out in duplicate. Negative PCR controls 

were included in all PCR reactions and had no detectable amplified DNA. In addition, eluate from 

negative DNA extractions was subjected to bacterial PCR amplification and had no detectable 

DNA product. Purified products were checked for quantity and quality using Qubit dsDNA (Life 

Technologies, Auckland, New Zealand) and Bioanalyzer DNA (Agilent Technologies, La Jolla, 

CA) high-sensitivity assay kits. Standardised concentrations of DNA for each sample were 

submitted to the sequencing provider (New Zealand Genomics Ltd) for library preparation and 

sequencing on the Illumina MiSeq platform.  
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3.3.4 Bioinformatics 

Raw sequences were merged, quality filtered and analysed using a combination of USEARCH 

and QIIME software packages.95,96 Singletons and merged reads shorter than 350 basepairs were 

removed. Open reference operational taxonomic unit (OTU) clustering at 97% sequence similarity 

threshold was conducted, followed by an additional chimera checking and filtering step against 

the SILVA gold chimera reference database. OTUs were taxonomically assigned in QIIME using 

the RDP classifier 2.218 against the SILVA 16S rRNA gene database (version 111). Eukaryotic 

OTUs identified as mapping to human mitochondria were removed. Each sample was rarefied to 

an even sampling depth of 1290 sequences per sample. All samples met this threshold and thus 

none were excluded.  

 

Alpha diversity was calculated for bacterial community richness and Shannon and Simpson 

diversity indices, using QIIME (version 1.8). Bacterial richness is the number of observed 

operational taxonomic units (observed OTUs) in each sample. The average relative sequence 

abundance (the proportional presence of each taxon), and prevalence (presence or absence of each 

taxon) were also calculated. Beta diversity (Bray-Curtis dissimilarity) was calculated within R 

(version 3.3.0)97 using the “vegdist” command from the Vegan package.98 The Bray-Curtis 

dissimilarity metric (incorporating both presence/absence and the relative abundance of 

communities) was used to compare bacterial communities between samples and groups. 

 

3.3.5 Bacterial community quantification 

The bacterial load per sample was assessed via real-time qPCR which was performed as 

previously described.28 The human beta-actin gene was also targeted and quantified in the samples 

to calculate proportions of bacterial to human DNA. 

 

3.3.6 Statistical analysis 

Statistical analysis was performed on all eligible patients using SAS version 9.4 (SAS Institute 

Inc., Cary, NC). Significance tests were set at p < 0.05 (two-sided). Patient data were presented 

and summarised descriptively for each time point. Continuous and categorical variables were 

described as mean ± standard deviation. Categorical variables were described as percentages. 

Change between the two study time points for continuous variables was tested by a paired t-test. 

McNemar's test was used for categorical variables. Regression analyses were conducted to 

evaluate differences between groups post-treatment, controlling for pre-treatment values, patient 

age, gender, and polyp status. Results are reported as adjusted mean difference and 95% 

confidence interval. Spearman correlation coefficients were used to identify associations between 

bacterial taxa and the major study outcome measures in each group. 
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3.4 Results 

All patients were compliant with the study protocol. The study groups were similar in age (49 ± 

13 (mean ± SD)), gender (13M: 13F) and Lund-Mackay scores (18 ± 5). Between time points, no 

significant differences were seen within or between study groups for changes in Lund-Kennedy 

score, SNOT-22 score and mucosal pH. Complete cohort demographics are presented in Table 

3.1. 

 

3.4.1 Microbiota 

The most abundant and prevalent taxa observed in this study (at genus level) are shown in Table 

3.2. Key sinonasal bacterial taxa were found across all patients but with varying relative 

proportions consistent with previously published studies.28,89,93,99,100 Bacterial communities were 

typically dominated by Corynebacterium and Staphylococcus which were present in all 26 

patients prior to treatment. A number of other genera were present at lower abundances, including 

Haemophilus, Streptococcus, Propionibacterium, Dolosigranulum and Anaerococcus, but these 

were variable between individuals and study groups.  

 

Unpredictable changes in bacterial composition were seen between the two time points in all study 

groups. Following treatment, the average relative abundance of Propionibacterium was 

significantly increased in the doxycycline group (mean increase of 1.8 ± 2.2%, p = 0.03) and 

Corynebacterium was significantly reduced in the prednisone group (mean reduction of 14.7 ± 

18.7%, p < 0.04) (Figure 3.1).  

 

In individual patients, treatment with doxycycline was associated with an increase in relative 

abundances of Corynebacterium and Haemophilus when compared to prednisone and untreated 

controls (Figure 3.2). The proportion of patients with increases in Staphylococcus following 

treatment were the same for doxycycline and prednisone groups, which was greater than in 

untreated controls (Figure 3.2A).  
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Table 3.1: Demographics and disease state of study cohort. 

Patient # Age Gender Diagnosis 
SNOT-22 Score Lund-Kennedy Score pH 

Pre-
Treatment 

Post-
Treatment 

Pre-
Treatment 

Post-
Treatment 

Pre-
Treatment 

Post-
Treatment 

Controls          

1 22 F CRS 68 60 4 5 6.8 7.1 

2 63 F CRSwNP 24 25 12 12 6.9 6.8 

3 52 F CRSwNP 59 58 10 10 6.8 6.7 

4 67 F CRS 46 47 4 4 6.5 6.5 

5 35 F CRS 73 73 8 8 6.8 6.8 

6 33 M CRS 29 29 4 4 6.8 6.8 

          

Doxycycline          

7 54 F CRSwNP 84 80 8 8 6.5 6.8 

8 37 M CRS 59 46 4 4 6.9 6.5 

9 38 F CRSwNP 40 52 5 4 6.8 6.9 

10 55 M CRSwNP 67 73 12 12 6.8 6.9 

11 57 M CRS 58 63 7 8 6.9 6.8 

12 40 M CRSwNP 49 51 13 13 6.4 7 

13 62 M CRSwNP 38 36 6 6 6.9 6.8 

14 55 M CRS 62 66 5 5 6.7 6.9 

15 63 F CRS 38 34 7 6 6.8 6.8 

16 63 M CRS 51 46 4 4 6.6 6.8 

          

Prednisone          

17 50 M CRSwNP 25 33 10 10 6.8 6.9 

18 64 M CRSwNP 24 15 10 6 6.8 5.6 

19 66 F CRS 13 19 4 4 6.5 6.5 

20 49 M CRSwNP 5 3 5 0 6.8 6.6 

21 54 M CRS 17 11 2 4 6.7 6.4 

22 41 F CRS 30 16 4 4 6.7 6.8 

23 32 M CRSwNP 69 67 12 12 6.8 6.5 

24 36 F CRS 59 52 4 4 6.8 6.6 

25 55 F CRSwNP 43 21 8 12 6.8 6.8 

26 29 F CRSwNP 42 48 10 12 6.8 6.5 

M = male, F = female, CRSwNP = CRS with nasal polyposis, CRS = CRS without nasal polyposis. 
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Table 3.2: Taxonomic breakdown of samples at genus level according to 16S rRNA gene sequence data. 

Genus Level 

Control (n=6) Doxycycline (n=10) Prednisone (n=10) 

Time point 1 Time point 2 Time point 1 Time point 2 Time point 1 Time point 2 

ARA 
% 

Pr 
% 

ARA 
% 

Pr 
% 

ARA 
% 

Pr 
% 

ARA 
% 

Pr 
% 

ARA 
% 

Pr 
% 

ARA 
% 

Pr 
% 

Corynebacterium 39 100 39 83 33 100 43 100 36 100 21 90 
Staphylococcus 19 100 15 83 7.3 100 19 100 19 100 33 90 
Haemophilus 17 83 17 33 11 40 10 60 5.7 70 9.7 70 
Streptococcus 2.5 83 14 67 18 80 4.2 90 8.6 80 2.8 80 
Propionibacterium 4.2 83 2.9 83 0.8 90 2.6 100 5.6 90 14 80 
Dolosigranulum 9.4 17 6.1 17 8.9 60 3.6 30 0.0 10 0.0 10 
Anaerococcus 1.2 67 0.7 50 3.4 90 5.6 100 4.9 60 3.5 60 
Peptoniphilus 2.0 33 0.1 17 2.9 80 2.8 90 2.3 70 3.3 60 
unclassified Neisseriaceae 0.9 33 0.0 0 0.2 60 1.5 60 3.6 50 2.4 50 
Finegoldia 1.1 33 1.6 33 1.2 90 3.2 90 1.1 50 1.0 50 
Neisseria 0.1 17 0.0 0 3.0 20 0.2 30 0.8 30 0.3 30 
Moraxella 0.0 0 0.0 0 3.1 10 0.0 10 0.5 30 0.0 30 
Veillonella 0.1 33 0.0 17 0.6 20 0.0 20 1.5 70 0.3 50 
unclassified Pasteurellaceae 0.1 17 0.1 17 0.8 20 0.1 10 0.4 10 0.9 10 
Prevotella 0.1 33 0.0 0 0.2 30 0.4 60 1.2 60 0.2 40 
others 3.9 83 3.2 67 4.5 90 3.5 90 9.1 100 8.3 100 

Values represent average relative abundance (ARA %) and prevalence (Pr %) of taxa from all patients in 
each study arm before treatment (time point 1) and after treatment (time point 2). 
 
 

Figure 3.1: Group level 16S rRNA gene-based bacterial community composition for all patients in each 
study arm pre- (T-1) and post-treatment (T-2). 
 



 27 

Figure 3.2: Patient level 16S rRNA gene-based bacterial community composition and abundance data, 
organised by trial arms. Graph A: Genus level. Graph B: Square root transformed 16S rRNA gene copies. 
“a” represents time point 1 and “b” represents time point 2.  
 

 

Of the 15 major bacterial taxa identified, no significant differences in prevalence were seen. 

Analysis for differences in bacterial abundance (estimated by qPCR for 16S rRNA gene copy 

numbers) found no significant differences within or between groups (Figure 3.2B). 

 

Paired tests were performed to compare changes in richness (observed OTUs) and diversity 

(Shannon and Simpson diversity) within each of the three study groups (Figure 3.3). Comparing 

between time points within each group, a significant difference in bacterial community richness 

was only seen in the non-treatment controls (reduction of 10 ± 4.3, p = 0.002). No significant 

differences were seen in observed OTUs between the three study groups. No significant 

differences were seen within or between study groups for changes in Shannon and Simpson 

diversity indices.  

 

The nMDS plot based on Bray-Curtis dissimilarity values (Figure 3.4) was suggestive of more 

change between time points for both treatment groups rather than the control group, however this 

was not significant (p > 0.1). 
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Figure 3.3: Box and whisker plots comparing bacterial community richness (observed OTUs) and Shannon 
diversity, calculated for all patients in each study arm pre- (T-1) and post-treatment (T-2). OTUs = 
operational taxonomic units. 
 

 

Regression analysis, comparing the post-treatment means between groups (Table 3.3), 

demonstrated a significant difference following treatment in the relative abundances of 

Corynebacterium (between doxycycline and prednisone groups: 25 ± 16, p = 0.004) and 

Propionibacterium (between doxycycline and prednisone groups: 15.9 ± 15.4, p = 0.04, and 

between prednisone and control groups: 17 ± 15, p = 0.03). Differences were also seen for changes 

in bacterial community richness (between doxycycline and control groups: 18 ± 16, p = 0.03) and 

for changes in pH (between doxycycline and prednisone groups: 0.35 ± 0.25, p = 0.008). 
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Figure 3.4: Bacterial community beta-diversity. Non-metric multi-dimensional scaling (nMDS) plot of 
bacterial community shift for each patient between the two time points based on Bray Curtis dissimilarity. 
Vector lines and arrows join time point one to time point two. Points which are closer together represent 
more similar bacterial communities. The box and whisker plot depicts these differences for each subject 
by study arm. No significant differences between groups were seen based on Dunn’s test with Bonferroni 
correction for multiple comparisons. 
 

 
Table 3.3: Regression model showing significant treatment differences between trial arms after treatment, 
controlling for pre-treatment values, age, sex, and polyp status. 

Variable 
Mean Treatment Change by Group Mean Difference 

Between Groups  
(95% CI) 

Significance 
(P value) 

Control Doxycycline Prednisone 
pH   6.86 6.51 0.35 (0.1 to 0.6) 0.008 
           
OTUs 17 36   18 (2 to 35) 0.03 
           
Corynebacterium   46 21 25 (9 to 41) 0.004 
           

Propionibacterium 
  0.9 16.8 15.9 (31.3 to 0.5) 0.044 

0.1   16.8 17 (2 to 32) 0.032 
OTUs = operational taxonomic units. 
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A Spearman correlation matrix was used to identify associations between bacterial taxa and the 

major study outcome measures. Significant correlations are presented in Table 3.4. In particular, 

Staphylococcus was positively correlated with bacterial richness and Shannon diversity index in 

patients treated with doxycycline (Spearman correlation coefficient = 0.673, p = 0.033 and 0.733, 

p = 0.017 respectively). In patients treated with prednisone, Staphylococcus was inversely 

correlated with bacterial load (-0.709, p = 0.022). No bacterial taxa were significantly correlated 

with changes in SNOT-22 symptom scores, pH or Lund-Kennedy scores. 

 

 
Table 3.4: Bacterial taxa significantly correlated with change in bacterial richness, Shannon diversity, and 
bacterial load by Spearman correlation. 

  Group Spearman 
Coefficient 

Significance 
(P value) 

Bacterial richness     
Anaerococcus Doxycycline 0.717 0.020 

Peptoniphilus Prednisone 0.682 0.030 

Staphylococcus Doxycycline 0.673 0.033 

Streptococcus Prednisone 0.867 0.001 
Veillonella Prednisone 0.713 0.021 

Other Doxycycline 0.745 0.013 

Other Prednisone 0.894 0.001 

      
Shannon diversity     
Anaerococcus Doxycycline 0.881 0.001 

Corynebacterium Prednisone -0.709 0.022 

Finegoldia Doxycycline 0.663 0.037 
Peptoniphilus Doxycycline 0.745 0.013 

Peptoniphilus Prednisone 0.732 0.016 

Staphylococcus Doxycycline 0.733 0.016 

Streptococcus Prednisone 0.806 0.005 
Other Doxycycline 0.830 0.003 

Other Prednisone 0.784 0.007 

      

Bacterial load     
Staphylococcus Prednisone -0.709 0.022 

No bacterial taxa had significant correlation with changes in SNOT-22 symptom scores, pH, or Lund-
Kennedy scores. 
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3.5 Discussion 

Systemic antibiotics and corticosteroids are a mainstay of medical therapy in CRS, however their 

effects on the CRS microbiome remain unclear. In this randomised trial, we have aimed to 

characterise the changes in microbiota following 7 days of either oral doxycycline, prednisone, or 

no treatment in a cohort of 26 patients with CRS. The results suggest that in symptomatically 

stable CRS patients, the short-term prescription of either oral doxycycline or prednisone confers 

at most subtle and unpredictable shifts in bacterial community profiles, without a significant 

difference between treatment groups.  

 

3.5.1 Responses to systemic therapy 

In this study, significant differences in clinical scores, changes in bacterial profiles and changes 

in bacterial burden within or between treatment arms were not seen. Overall, a greater shift away 

from baseline appeared to occur in both treatment arms of this study rather than the emergence of 

any particular microbial profile pattern. Even within untreated controls, a small but significant 

change in bacterial community richness was seen during the study period which highlights the 

variable nature of the intranasal CRS microbiome and may be attributable to small patient 

numbers in this study.  

 

Tetracycline antibiotics (such as doxycycline) have been widely used for both their bacteriostatic 

and anti-inflammatory properties, including suppression of cytokine production, inhibition of 

metalloproteinases (MMPs), suppression of hydrolases and reduction of pathological tissue 

damage from reactive oxygen species.101,102 The lack of a distinct pattern of effect between 

doxycycline and prednisone may be due to the considerable crossover in activity of these 

medications in the nasal mucosa. In particular, the nebulous response of the sinonasal microbiome 

to doxycycline may be partly attributable to bacteria living in antibiotic resistant states, such as 

biofilms. 

 

The clinical significance of the small differences seen within treatment groups between time 

points for select bacterial taxa is unlikely to be profound. In this study, an increase in the average 

relative abundance of Propionibacterium in patients treated with doxycycline and a reduction in 

the average relative abundance of Corynebacterium in patients treated with prednisone was seen. 

Corynebacterium and Propionibacterium are two of the most prevalent bacteria found in the 

paranasal cavities of patients with CRS and healthy volunteers. A recent meta-analysis of the 

paranasal microbiome hypothesised that Propionibacterium in healthy sinuses may have a 

regulatory role in microbial network formation and Corynebacterium in the sinuses of patients 

with CRS may be implicated in disease progression and exacerbation.99 
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This trial examined the response of bacterial communities to medical therapy in a group of stable 

CRS patients. The use of antibiotics in patients with acute exacerbations of CRS may have 

different effects. A recent study of 8 patients treated with two weeks of antibiotics showed a 

decrease in bacterial burden and an increase in bacterial diversity.103 Further investigation of the 

effects of medical therapies in other CRS subgroups is needed as the results may be significantly 

different from those of this study. 

 

3.5.2 Clinical implications 

Changes in the bacterial microbiome may be implicated in the aetiology of CRS.89,99,104 Antibiotic 

exposure in the early decades of life may contribute significantly to this.40,42,105 Therefore, 

therapies which even temporarily promote dysbiosis, without contributing to improved long-term 

outcomes, may not be helpful. Antibiotics prescribed to patients based on culture-based studies 

have shown reductions in culture rates following therapy.43,45,106 The more recent studies of 

changes in bacterial communities following systemic medical therapies have described complex 

community shifts, which were unpredictable, often involving increases in the relative abundance 

of Staphylococcus and a number of dominant taxa.93,107,108 Unintended and unexplained outcomes 

from the use of antibiotics and corticosteroids requires further evaluation. Alteration of bacterial 

communities may promote dysbiosis and sinonasal environmental changes which may have 

implications for wound healing and mucosal recovery.89,99,109,110 A reduction in prescriptions for 

antibiotics in CRS may result in reductions in healthcare cost, medication-related adverse effects 

and morbidity.1,39,111 

 

3.5.3 Limitations 

High inter-individual variation has been identified as a factor in CRS microbiome studies and 

greater patient numbers are likely to be needed to clarify relationships between the highly variable 

bacterial communities and treatment responses. This trial has investigated the effects of 7 days of 

oral doxycycline and prednisone on bacterial communities in a small cohort of patients. 

Statistically significant differences in clinical scores, diversity metrics, and bacterial load were 

not seen within the treatment time frame. This could be due to the selection of a stable cohort of 

patients with CRS (not experiencing an acute exacerbation). Longer durations of systemic therapy 

in larger group sizes may reveal more pronounced effects. 

 

Modern molecular microbiological studies, such as this, characterise bacterial taxa present on a 

swab sampled from the mucosal surface. The ability of molecular techniques to accurately 

describe living bacterial communities (but not dead organisms) in a sample is not clear. It is widely 

accepted that levels of bacterial DNA do not correlate with viability.112 In the sinonasal 
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environment the rapid turnover of mucus covering respiratory epithelium from mucociliary 

clearance means that while the DNA persistence following cell death in the paranasal sinuses is 

not yet established, it may be less than estimates from other environments. 

 

Surprisingly little is known about the mucosal concentrations of antibiotics. The concentration of 

doxycycline achieved with the prescribed dose may be less than the inhibitory concentration 

required for the bacterial species on the sinus mucosa. This may be particularly true for those 

bacteria growing within biofilms, which are known to be relatively antibiotic resistant.29 

 

 

3.6 Conclusion 

The effects of a short course of oral doxycycline or prednisone on the bacterial microbiome were 

variable between individuals with no major consistent changes observed. The lack of effect, 

particularly of doxycycline, was surprising and suggests that the ability of systemic medications 

to affect the mucosal microbiome may be less than assumed. A greater understanding of treatment 

effects on the intranasal microbiota is needed to develop targeted therapies, improve long-term 

outcomes and minimise risks to patients. 
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CHAPTER 4. THE IN VITRO EFFECT OF XYLITOL ON CHRONIC RHINOSINUSITIS 

BIOFILMS. 
 

4.1 Abstract 

4.1.1 Introduction  

Biofilms have been implicated in chronic rhinosinusitis (CRS) and may explain the limited 

efficacy of antibiotics. There is a need to find more effective, non-antibiotic based therapies for 

CRS. This study examines the effects of xylitol on CRS biofilms and planktonic bacteria. 

 

4.1.2 Methods 

Crystal violet assay and spectrophotometry were used to quantify the effects of xylitol (5% and 

10% solutions) against Staphylococcus epidermidis, Pseudomonas aeruginosa, and 

Staphylococcus aureus. The disruption of established biofilms, inhibition of biofilm formation 

and effects on planktonic bacteria growth were investigated and compared to saline and no 

treatment. 

 

4.1.3 Results  

Xylitol 5% and 10% significantly reduced biofilm biomass (S. epidermidis), inhibited biofilm 

formation (S. aureus and P. aeruginosa) and reduced growth of planktonic bacteria (S. 

epidermidis, S. aureus, and P. aeruginosa). Xylitol 5% inhibited formation of S. epidermidis 

biofilms more effectively than xylitol 10%. Xylitol 10% reduced S. epidermidis planktonic 

bacteria more effectively than xylitol 5%. Saline, xylitol 5% and 10% disrupted established 

biofilms of S. aureus when compared with no treatment. No solution was effective against 

established P. aeruginosa biofilm.  

 

4.1.4 Conclusions 

Xylitol has variable activity against biofilms and planktonic bacteria in vitro and may have 

therapeutic efficacy in the management of CRS. 
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4.2 Introduction 

Bacterial biofilms have been implicated in chronic rhinosinusitis (CRS) pathogenesis and disease 

recalcitrance following endoscopic sinus surgery (ESS).113-115 Biofilm positive patients have been 

shown to be more likely to need surgical intervention, worse postoperative symptoms, persistent 

inflammation and recurrent infections.22,25,30,33,116,117 

 

Targeted treatment of sinonasal biofilms with long-term efficacy has not yet been described. 

Systemic antibiotics such as vancomycin, ciprofloxacin, piperacillin and ceftazidime have been 

shown to be ineffective at standard concentrations.43,118 Topical use of mupirocin has been shown 

to reduce biofilm mass but is associated with high microbiological failure rate in patients with 

surgically recalcitrant CRS.45 As rhinosinusitis now accounts for more than 11% of all antibiotic 

prescriptions in the United States, a non-antibiotic anti-biofilm agent that is inexpensive, effective 

and safe is required.40,113 

 

Xylitol is a five-carbon sugar alcohol, which occurs naturally in many fruits and vegetables, and 

is used widely in the food industry as a sweetener. Recently, it has gained more popularity as an 

anti-biofilm agent, particularly in the field of periodontics.119 It has been shown to improve CRS 

symptoms when administered as a sinus lavage solution.120 

 

The aim of this study was to assess the effect of xylitol in vitro on established biofilms, biofilm 

formation and planktonic bacteria that were either derived from CRS patients or commercial 

strains of known sinonasal pathogens. Furthermore, this study aimed to determine xylitol’s 

potential as an adjunct to topical therapy. 

 

 

4.3 Methods 

All procedures were undertaken at the School of Biological Sciences and Faculty of Medicine and 

Health Sciences of The University of Auckland, following approval with national and institutional 

human research ethics committees. 

 

4.3.1 Bacterial isolates 

Two sterile rayon-tipped swabs (Copan, Murrieta, CA. #170KS01) were taken from the right and 

left middle meatuses of two patients with CRS undergoing endoscopic sinus surgery. Swabs were 

taken following general anaesthesia and prior to administration of intravenous antibiotics. These 

were placed in sterile Eppendorf tubes and transported on ice for immediate culturing on nutrient 
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and Columbia horse blood agar (Fort Richard Laboratories Ltd, New Zealand) for 48 hours at 37 

°C. 

 

Fourteen bacterial strains were isolated and found amenable to culture in tryptic soy broth (TSB) 

(Difco Laboratories, Sparks, MD). These strains were investigated further for their biofilm 

forming capacity. Broth from each isolate (200 µL) was pipetted in triplicate into wells of a flat-

bottomed 96-well microtiter plate (Thermo Fisher Scientific Inc, New Zealand), which had been 

treated for tissue culture to optimise bacterial attachment to well surfaces.121 Negative control 

wells were instilled with broth media only. Plates were incubated in static conditions for 24 h at 

37 °C to allow biofilm formation and attachment to well surfaces. After incubation the wells were 

aspirated and washed with phosphate buffered saline to remove planktonic and non-adherent 

bacteria.121  

 

A crystal violet assay with optical density measured at 570 nm (Perkin Elmer Enspire Multimode 

Plate Reader, Waltham, MA) was used to quantify biofilm biomass as previously 

described.44,121,122 Biofilm formation from broth and subsequent optical density measurement was 

repeated four times. The most reliable and greatest biomass forming isolates were identified by 

matrix-assisted laser desorption/ionisation time of flight (MALDI-TOF) mass spectrometry 

(Bruker UltrafleXtreme, Billerica, MA) and were all found to be S. epidermidis, of which the best 

biofilm-forming isolate was chosen for use in this study. 

 

In addition, commercial biofilm-forming isolates of S. aureus Newman and P. aeruginosa PAO1 

(Institute of Infection, Immunity and Inflammation, University of Nottingham, UK) were also 

obtained for this study. Biofilm growth was optimised for S. aureus and P. aeruginosa by addition 

of 1% (w/v) glucose to overnight broth cultures diluted 1:100 in fresh TSB (15 mL). 

 

4.3.2 Treatment groups 

Xylitol (Langdon ingredients, Melbourne, Australia) was obtained in powdered form and diluted 

with TSB to obtain 5% (w/v) and 10% (w/v) solutions. These were compared with a 0.9% (w/v) 

solution of NaCl and a TSB only group, which served as a negative control. 

 

4.3.3 Disruption of established biofilms  

Biofilms of S. epidermidis, S. aureus, and P. aeruginosa were grown on 96-well plates as 

described. Each bacterial strain was grown in replicates of six for each treatment group. Following 

incubation and washing, 200 µL of each treatment solution was added to the six wells 

corresponding to each group. Plates were covered with a lid and treated for 1 hour at room 
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temperature in static conditions. After the treatment period, each well was washed three times 

with 200 µL of phosphate buffered saline (PBS) to remove planktonic and non-adhering bacteria. 

Biofilms were stained and measured using crystal violet assay. This experiment was repeated four 

times for each bacterial strain. 

 

4.3.4 Inhibition of biofilm formation  

In this study, biofilms were grown on plates in the presence of each of the treatment solutions. In 

each well, high concentration treatment solutions (50 µL) were added to overnight broth culture 

for each isolate (200 µL) to makeup the working treatment solutions. Each treatment consisted of 

six replicates. Plates were incubated for 24 h at 37 °C to allow biofilms to form. Wells were 

washed with PBS and underwent crystal violet assay. This experiment was repeated four times 

for each bacterial strain. 

 

4.3.5 Effects on planktonic bacteria 

To assess the effects of treatment on planktonic bacteria, TSB with treatment solutions (100 µL) 

were added to bacteria grown to mid-exponential phase in TSB (100 µL). Each treatment 

consisted of six replicates. Plates were incubated at 37 °C for four hours. Spectrophotometry was 

used to measure absorbance at 600 nm and compared to similar treatment TSB solutions without 

bacterial culture. This experiment was repeated three times for each bacterial strain. 

 

4.3.6 Statistical analysis 

Statistical analyses were performed using SPSS (Version 22; IBM, New York). All results were 

described using mean difference (∆) ± standard error. Groups were compared using a one-way 

analysis of variance (ANOVA) with post-hoc Tukey’s HSD to adjust for multiple comparisons. 

Significance was accepted when p was less than 0.05. 

 

 

4.4 Results 

4.4.1 Disruption of established biofilms. (Figure 4.1) 

4.4.1.1 Staphylococcus epidermidis 

Significant reductions in biofilm biomass were observed with xylitol 5% (∆ 1.3 ± 0.1, p < 0.001) 

and xylitol 10% (∆ 1.3 ± 0.1, p < 0.001) when compared with no treatment. Both the 5% and 10% 

solutions were also significantly more effective than saline (∆ 1.1 ± 0.1, p < 0.001 and ∆ 1.0 ± 

0.1, p < 0.001). There was no difference between xylitol 5% and 10%. 
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4.4.1.2 Staphylococcus aureus 

Reductions of biomass were seen with xylitol 5% (∆ 0.44 ± 0.01, p < 0.001), xylitol 10% (∆ 0.29 

± 0.01, p < 0.004) and saline (∆ 0.31 ± 0.01, p < 0.001) when compared with no treatment. No 

differences were seen between the xylitol solutions and saline. 

 

4.4.1.3 Pseudomonas aeruginosa 

No significant differences were seen between the experimental groups. 

 

 

Figure 4.1: Disruption study: effects of solutions on the optical density of established biofilms after 1 hour 
of treatment. n = 24 for each bacteria and treatment combination. Error bars represent standard error of 
the mean. Significance: * p < 0.05, ** p < 0.01 and *** p < 0.001 compared to no treatment, ^ p < 0.05, ^^ p 
< 0.01 and ^^^ p < 0.001 compared to saline. 
 

 

4.4.2 Inhibition of biofilm formation. (Figure 4.2) 

4.4.2.1 Staphylococcus epidermidis 

Only xylitol 5% was shown to significantly inhibit S. epidermidis biofilm formation when 

compared to no treatment (∆ 0.19 ± 0.05, p < 0.001), saline (∆ 0.21 ± 0.05, p < 0.001) and xylitol 

10% (∆ 0.18 ± 0.05, p < 0.001). There was no difference between saline and no treatment groups. 

 

4.4.2.2 Staphylococcus aureus 

Inhibition of biofilm formation was seen with both xylitol 5% and xylitol 10% when compared 

with no treatment (∆ 0.09 ± 0.02, p < 0.001 and ∆ 0.09 ± 0.02, p < 0.001) and saline (∆ 0.05 ± 

0.02, p = 0.03 and ∆ 0.06 ± 0.02, p < 0.03). There was no difference between preparations of 

xylitol or between saline and no treatment groups. 
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4.4.2.3 Pseudomonas aeruginosa 

Xylitol 5%, Xylitol 10% and saline were able to inhibit P. aeruginosa biofilm formation when 

compared to no treatment (∆ 1.2 ± 0.15, p < 0.001, ∆ 0.88 ± 0.15, p < 0.001 and ∆ 0.47 ± 0.15, p 

< 0.02). Xylitol 5% and 10% were also both more efficacious than saline (∆ 0.73 ± 0.15, p < 0.001 

and ∆ 0.41 ± 0.15, p = 0.04), however there was no significant difference between the two 

preparations. 

 

 

Figure 4.2: Inhibition study: optical density of bacterial biofilms formed in the presence of solutions after 
24 hours. n = 24 for each bacteria and treatment combination. Error bars represent standard error of the 
mean.  Significance: *p < 0.05, **p < 0.01 and ***p < 0.001 compared to no treatment, ^p < 0.05, ^^p < 0.01 
and ^^^p < 0.001 compared to saline. 
 

 

4.4.3 Effects on planktonic bacteria. (Figure 4.3) 

4.4.3.1 Staphylococcus epidermidis 

Solutions of both xylitol 5% and 10% significantly inhibited planktonic S. epidermidis when 

compared with no treatment (∆ 0.12 ± 0.02, p < 0.001 and ∆ 0.20 ± 0.02, p < 0.001) and saline 

0.9% (∆ 0.1 ± 0.02, p < 0.001 and ∆ 0.18 ± 0.02, p < 0.001). When compared, xylitol 10% was 

more effective than xylitol 5% (∆ 0.08 ± 0.02, p < 0.001). 

 

4.4.3.2 Staphylococcus aureus 

Solutions of both xylitol 5% and 10% again significantly inhibited planktonic S. aureus when 

compared with no treatment (∆ 0.22 ± 0.02, p < 0.001 and ∆ 0.18 ± 0.02, p < 0.001) and saline 

0.9% (∆ 0.16 ± 0.02, p < 0.001 and ∆ 0.12 ± 0.02, p < 0.001). When compared, there was no 

difference between xylitol 5% and 10%. 
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4.4.3.3 Pseudomonas aeruginosa 

Solutions of both xylitol 5% and 10% significantly inhibited planktonic P. aeruginosa when 

compared with saline 0.9% (∆ 0.15 ± 0.02, p < 0.001 and ∆ 0.16 ± 0.02, p < 0.001). There was no 

difference between xylitol 5% and 10%. 

 

 

Figure 4.3: Planktonic study: optical density of planktonic bacteria in the presence of solutions after 4 
hours. n = 18 for each bacteria and treatment combination. Error bars represent standard error of the 
mean. Significance: *p < 0.05, **p < 0.01 and ***p < 0.001 compared to no treatment, ^p < 0.05, ^^p < 0.01 
and ^^^p < 0.001 compared to saline. 
 

 

4.5 Discussion 

This study has examined the effects of xylitol on three sinonasal bacterial species, S. epidermidis, 

S. aureus, and P. aeruginosa, that are capable of forming biofilms. 

Xylitol is an inexpensive and sweet tasting sugar alcohol (or polyol), which has been widely used 

in the food industry to replace sucrose. More recently xylitol has gained popularity for its 

antimicrobial effects.119,123,124 Xylitol is thought to exert its antibacterial activity by a number of 

mechanisms including reduction of the salt concentration of airway surface liquid, repressing 

bacterial metabolism of glucose to lactate, and disruption of the biofilm extracellular matrix.125-

129 

 

In this study, xylitol was variously active against the three examined microorganisms. When 

compared with saline, both xylitol 5% and 10% were able to significantly reduce biofilm biomass 

(S. epidermidis), inhibit biofilm formation (S. aureus and P. aeruginosa) and reduce planktonic 

bacteria (S. epidermidis, S. aureus and P. aeruginosa).  

 

Generally, a higher concentration of xylitol was not more effective than the isosmotic 5% solution. 

Differences in activity between the concentrations of xylitol were only seen for inhibition of S. 
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epidermidis biofilms (in which 5% was significantly more effective) and against S. epidermidis 

planktonic bacteria (in which 10% was significantly more effective).  

 

By its in vitro design, the results of this study are limited and may not directly translate to the in 

vivo effects of xylitol. For example, no solution in this study was effective against established P. 

aeruginosa. Established biofilms in this study were exposed to treatments for 1 hour. This may 

not be enough time for xylitol to completely penetrate bacterial membranes. Previous studies 

assessing the effect of xylitol on P. aeruginosa over a 24 h period have suggested that the addition 

of a synergist such as lactoferrin increases permeability of bacterial membranes and structural 

disruption of biofilms.130,131 In vivo, the ability of xylitol to remain on the apical surfaces of 

respiratory epithelia and lower the airway surface liquid salt concentration without being 

metabolised by P. aeruginosa might increase the antimicrobial effect.126,132 

 

The length of exposure time of biofilms to xylitol in in vitro studies may be longer than exposure 

in the paranasal sinuses following nasal lavage, where it is not known how much xylitol would 

remain in the cavities, or for what duration. The hydrodynamic nature of nasal lavage may also 

have an effect on biofilm disruption and was not evaluated in this study. Despite this, a pilot 

randomised control study using a once daily xylitol 5% rinse observed a significant reduction in 

SNOT-20 scores when compared to saline.120 

 

Overall, this study has demonstrated the activity of xylitol against three commonly found 

sinonasal bacteria in both biofilm and planktonic state, which reaffirms its previously described 

antimicrobial effects. The therapeutic potential of xylitol lies in its utility as a safe, inexpensive, 

well tolerated, non-antibiotic topical treatment for CRS.120 As a nasal irrigation it may have a 

stronger regulatory effect on the sinonasal microbiota than conventionally used saline and have a 

particular role in the post surgical sinus cavities where control of biofilms may influence clinical 

outcomes. However, the effects of xylitol on the microbiota in vivo has not yet been established 

and the effects could be different in the context of a more complex interaction between multiple 

bacterial populations and innate immune factors, including the airway surface liquid. 

 

 

4.6 Conclusion 

Xylitol has reliable antimicrobial activity against established biofilms, inhibiting biofilm 

formation and reducing planktonic bacteria in vitro. In this study, xylitol was almost universally 

more effective than saline. Xylitol is a safe and non-antibiotic potential for topical therapy in CRS 

and deserves strong consideration for further patient based studies.  
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CHAPTER 5. THE IMPACT OF ENDOSCOPIC SINUS SURGERY ON PARANASAL 

PHYSIOLOGY IN SIMULATED SINUS CAVITIES. 
 

5.1 Abstract 

5.1.1 Introduction 

Surgery improves symptoms for the majority of chronic rhinosinusitis (CRS) patients, however 

physiological changes in the sinus cavities remain poorly characterised. Direct measurement of 

changes in airflow, pressure, temperature, humidity and intranasal spray distribution following 

surgery is technically challenging. Accordingly, we have used computational fluid dynamic 

modelling to quantify how these parameters change postoperatively. 

 

5.1.2 Methods  

Computed tomography images from a normal control, a patient with CRS pre and postoperatively, 

and a patient following an endoscopic Lothrop procedure (ELP) were used to create four three-

dimensional models of the sinus cavities. Changes in physiologic parameters and topical drug 

distribution were modelled (inhaled air at 16°C and 10% humidity) at the maxillary ostium, frontal 

recess and sphenoid ostium. 

 

5.1.3 Results 

Large differences were seen between models. Following surgery, the maxillary ostia were found 

on average to be cooler (by 2.4°C), with an increased airflow (0.26 m/s (from 0 m/s)), and a 9% 

reduction in absolute humidity. Sphenoid ostial parameters followed a similar trend. Significant 

changes in frontal recess physiology were seen following ELP in which the recess was 4.2°C 

cooler, had increased airflow (0.76 m/s) and a 17% reduction in absolute humidity. Topical drug 

distribution increased with surgery, particularly after ELP. 

 

5.1.4 Conclusions  

Surgery changes the geometry and physiology of the paranasal sinuses. These changes are likely 

to have an impact on wound healing, mucociliary function and microbial ecology in postoperative 

cavities. Application of this model to further understand the effects of surgery may help to 

optimise surgical techniques and improve topical drug delivery. 
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5.2 Introduction 

Antibiotics, topical corticosteroids and surgery are mainstays of the management of chronic 

rhinosinusitis (CRS). Following failure of medical therapy, CRS is often successfully treated with 

endoscopic sinus surgery (ESS), the goals of which focus on relief of anatomical obstruction 

(improving mucociliary clearance), reducing the inflammatory load and improving postoperative 

topical drug delivery.17 Ostial obstruction has been postulated to reduce sinus ventilation and 

subsequently the influx of nitric oxide (a molecule which is thought to have a role in ciliary and 

antimicrobial action) from the paranasal sinuses into the nasal cavity.133  

 

While surgery has been shown to increase nitric oxide levels, improve quality of life for patients 

with CRS and improve long-term outcomes, the mechanism by which this is achieved is not well 

understood.60,134-136 There is not yet an established consensus on how potential perioperative 

therapeutic targets such as bacterial communities, biofilms, mucosal healing, and inflammatory 

changes should be managed. The reasons for this may be partly due to a paucity of studies that 

describe how ESS changes the sinus environment. A better understanding of these changes may 

be crucial to the development of more effective surgery and postoperative care, particularly for 

recalcitrant patients. 

 

Recent applications of computational fluid dynamics (CFD) have allowed for the modelling of 

human airway physiology, particularly the detail of airflow in the anterior nasal cavity and 

maxillary sinuses.137-144 The aim of this study was to examine the effects of surgery on the 

paranasal sinus environment by applying CFD to three-dimensional anatomic models representing 

a spectrum of operative procedures. In particular, this study seeks to characterise changes in 

airflow, temperature, pressure, humidity and drug distribution to describe likely environmental 

changes with ESS. 

 

 

5.3 Methods 

5.3.1 Patient selection  

A radiological database of patients undergoing ESS for CRS and skull base pathology was 

reviewed. All sinus CT images were acquired by a 16-slice CT scanner in 1 mm axial slices. The 

CT scans of three adult Caucasian male subjects were selected for inclusion in this study. This 

study was approved by the New Zealand Health and Disability Ethics Committee, as well as by 

the ethics committees of the participating hospitals. Informed, written consent was obtained from 

all study patients. 
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Subject 1 was selected as a healthy normal control and underwent CT scan for a pituitary tumor 

(Lund-Mackay Score of 1). Subject 2 was a patient with CRS, who underwent both preoperative 

CT scan (Lund-Mackay Score of 14) and post-operative CT (Lund-Mackay Score of 5). Subject 

3 was another CRS patient who underwent a CT following an endoscopic Lothrop procedure 

(ELP) (Lund-Mackay Score of 8). Subjects 2 and 3 were chosen for the study as they had 

postoperative scans that were performed for clinical indications but that subsequently proved to 

be almost clear of postoperative mucosal thickening. This criterion was required for accurate 

characterisation of post-surgical sinus geometry, computerised modelling and flow simulations. 

ESS consisted of bilateral uncinectomy /middle meatal antrostomy, anterior and posterior 

ethmoidectomy, sphenoidotomy, frontal recess dissection and inferior turbinate reduction in 

Subject 2. In addition, Subject 3 underwent formation of a septal window and a Draf III, ELP. 

Technical descriptions of methods and nasal geometry for these subjects have been previously 

described.145 

 

5.3.2 Meshing 

CT scans were imported and nasal airways were segmented in MATLAB (Mathworks, Natick, 

MA). The segmentations were converted into a triangulated surface using ITK-SNAP146 which 

was output in STL (STereoLithography) file format. The resulting STL file was edited for any 

unphysical features and further processed using MeshLab (ISTI-CNR, Pisa, Italy). Unstructured 

meshes were created in ICEM CFD (ANSYS, Canonsburg, PA). The mesh dependency of the 

solution was verified as follows. For each (pre and postoperative) case, three meshes were created 

and the average velocity and average temperature on three coronal planes were computed. For 

example, in the post-operative case, three tetrahedral-prismatic meshes with 3 million, 7 million 

and 12 million elements were generated. On coronal planes at distances of 20 mm and 30 mm 

from the anterior tip of nostril, the average velocity decreased by 5% and 1% with further 

refinement. Average temperature decreased by 1% and 0.1% between the three meshes. Hence to 

obtain a compromise between computational speed and accuracy, the 7 million element mesh was 

chosen and was further refined only near the ostia where high solution gradients may be expected. 

For each case, three prismatic layers were created near the wall with a total height of 

approximately 0.3 mm. 

 

5.3.3 Simulations 

Airflow velocity was simulated using ANSYS CFX (ANSYS, Canonsburg, PA), a commercial 

fluid dynamic solution package. To provide a natural boundary condition between the nose and 

its surrounding structures, a mask-like surface was attached as previously described.147 To assist 

with providing a velocity boundary to represent inspiration by the lungs, a straight tube was 
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attached to the nasopharyngeal end of the geometries, and a constant flow rate of 15 L/min was 

specified at this boundary. Temperature and absolute humidity were solved as separate scalar 

variables, in the usual manner.148-151 Briefly, transport of temperature and water vapor 

concentration (absolute humidity) inside the nasal passage are governed by the scalar transport 

equation. The water vapor concentration equation was solved independent of temperature. 

Thermal diffusivity was taken as 2.1x10-5 m2/s and the diffusivity coefficient of water vapor as 

2.6x10-5 m2/s. Inhaled air was assumed at 289K (16°C) and a concentration of 0.0041 

kgH2O/kgAir-H2O (water per air-water mixture). The mucosal wall temperature was fixed at 

308K (35°C). The mucosal wall was assumed to be 100% moist with concentration of 0.041 

kgH2O/kgAir-H2O.  

 

Although breathing is transient, for the purposes of studying temperature and humidity it is 

sufficient to simulate quasi-steady characteristics. The changes in mucosal wall temperature 

within a breath are ignored here. Pressure was considered during inspiration and is thus described 

(by convention) as negative. Maxillary, sphenoid and frontal ostia were chosen as fixed points of 

reference for this study as they are easy to locate and are often the focus of surgical and topical 

drug therapies. The nasopharynx was used as a comparative point of control. 

 

To assess the impact of surgery on topical drug deposition, simulations were performed on all 

four cases to evaluate the dispersion characteristics of a conventional nasal spray and a nebuliser 

(both liquid droplets of water density). Particles were assumed to be deposited on contact with the 

mucosal walls and particles that escaped through the nasopharynx were not reconsidered in the 

simulation. The spray was released at a velocity of 10 m/s and directed slightly laterally 

(approximately 30 degrees) away from the septum, connecting the centroid of the nostril to the 

nasal valve and in a manner such that all particles did not deposit on the anterolateral nasal wall. 

A ring shaped initial bolus of approximately 10,000 particles, 20 µm in size, with a bolus inner 

radius of 0.5 mm and an outer radius of 2 mm were released. No head tilt was assumed. The bolus 

of particles was released at approximately 10 mm into the nostril. Details of the particle transport 

equation and one-way coupling have been described in detail previously.152-155 For nebuliser 

simulations, approximately 10,000 equi-spaced, 5 µm mono-dispersed particles were passively 

released at the nostril and carried by airflow to simulate the nebuliser. 
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5.4 Results 

Geometrical changes were seen following surgery. Three-dimensional models are presented in 

Figure 5.1. The paranasal sinus cavity volume was increased by 18% in Subject 2. In this subject 

the maxillary ostia was unable to be measured preoperatively; it was 450 mm2 postoperatively, 

and this was presumed to be an increase in size. The sphenoidal ostia increased from 5 mm2 to 

165 mm2 postoperatively and the total frontal sinus ostia cross-sectional area increased from 10 

mm2 to 102 mm2. In Subject 3, following an ELP, the frontal sinus ostia cross-sectional area was 

175 mm2.  

 

 

Figure 5.1: Three-dimensional geometries of a) a healthy normal patient without sinusitis (Subject 1), b) a 
patient with sinusitis before surgery (Subject 2), c) a patient with sinusitis after surgery (Subject 2) and d) 
a patient after an endoscopic Lothrop procedure (ELP) (Subject 3). 
 

 

5.4.1 Change in temperature, airflow velocity, pressure and humidity. (Table 5.1, Figure 5.2) 

5.4.1.1 Nasopharynx 

Minor variations in temperature were seen across the four models (32.9 to 33.4°C). The 

nasopharynx of the preoperative model was the coolest (32.9°C) and had the lowest pressure (-

13.5 Pa), which is reflected by the increased average airflow in this model (1.73 m/s). This was 

most likely caused by congestion of the inferior turbinates. No large variations in absolute 

humidity were seen between the models in this region. 

 

5.4.1.2 Maxillary ostium 

Reductions in average temperature were seen in both postoperative and ELP subjects when 

compared with the preoperative study (2.4 and 2.1°C respectively). The temperature in these 

models was similar to the control case (differences of 0.3 and 0.6°C respectively). Similarly, the 

postoperative cases had improved airflow from 0 m/s to 0.27 m/s (to 64% of normal) in the 

standard postoperative model and 0.22 m/s (to 54% of normal) in the ELP. Pressure followed a 

similar pattern, improving from the preoperative case towards normal in both the standard postop 

(-3.7 Pa) and ELP (-8.2 Pa). The effect of cooler maxillary ostia with increased airflow is reflected 
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in reductions in absolute humidity, the postoperative and ELP cases having a lower humidity than 

the preoperative case (reductions of 9 and 10% respectively) and control (both reduced by 4%). 

 

 
Table 5.1: Average (left and right) measurements of temperature, air velocity, pressure and water vapour 
in the four sinus geometries. 

  Temperature (°C) Airflow (m/s) Pressure (Pa) Water Vapor 

  Average Min Average Max Average Min Average Min 

Healthy Normal 
Subject 1 

Nasopharynx 33.4 29.5 1.27 1.96 -7.9 -8.5 395.0 322.0 

Max Ostium 33.1 31.1 0.42 0.88 -5.3 -5.6 385.0 357.5 

Sphenoid Ostium 34.9 34.9 0.02 0.04 -4.6 -4.6 409.5 409.5 

Frontal Ostium 34.9 34.9 0.06 0.50 -5.2 -5.2 409.0 407.0 

Pre-op           
Subject 2 

Nasopharynx 32.9 28.7 1.73 2.90 -13.5 -15.5 380.0 304.0 

Max Ostium 34.9 34.9 0.00 0.00 0.0 0.0 410.0 410.0 

Sphenoid Ostium 34.9 34.9 0.00 0.00 0.0 0.0 410.0 410.0 

Frontal Ostium 34.9 34.9 0.00 0.00 0.0 0.0 410.0 410.0 

Post-op         
Subject 2 

Nasopharynx 33.4 28.5 1.14 2.30 -6.6 -7.1 385.0 303.0 

Max Ostium 32.5 27.1 0.27 1.10 -3.7 -4.5 371.5 270.5 

Sphenoid Ostium 32.1 28.6 0.25 0.61 -3.6 -4.1 360.0 316.0 

Frontal Ostium 34.4 32.9 0.06 0.26 -3.7 -3.7 403.0 383.0 

ELP                 
Subject 3 

Nasopharynx 33.1 31.2 1.25 1.90 -10.3 -10.7 380.0 336.0 

Max Ostium 32.8 30.5 0.22 0.41 -8.2 -8.2 369.5 326.0 

Sphenoid Ostium 33.4 26.6 0.12 0.35 -7.4 -7.5 380.8 325.0 

Frontal Ostium 30.7 19.9 0.76 3.22 -8.0 -9.4 340.0 135.0 

Water vapour is measured in concentration of water per air-water mixture [kgH20/kgAir-kgH20]x10-4. 
ELP = endoscopic Lothrop procedure. 
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Figure 5.2: Average changes in a) temperature (°C), b) air velocity (m/s), c) pressure (Pa) and d) water 
vapour seen in normal, preoperative, postoperative and endoscopic Lothrop procedure (ELP) subjects at 
the nasopharynx, maxillary ostia, sphenoid ostia and frontal sinus ostia. Water vapour is measured in 
concentration of water per air-water mixture [kgH20/kgAir-kgH20]x10-4. 
 

 

5.4.1.3 Sphenoid ostium 

Temperature reductions were seen in both postoperative cases compared to control and 

preoperative subjects (differences of 1.5 and 2.8°C). Following a sphenoidotomy, airflow into the 

sphenoid sinuses increased in the postoperative and ELP cases (0.12 - 0.25 m/s), which was more 

than in the control case (0.02 m/s). Pressure decreased from the preoperative case towards normal 

in both the standard postop (-3.6 Pa) and ELP (-7.4 Pa). The postoperative and ELP cases had 

lower absolute humidity than the preoperative case and control (reductions of 12 and 7% 

respectively). 

 

5.4.1.4 Frontal ostium / recess 

Following the standard FESS, the frontal recess temperature decreased 0.5°C below both the 

preoperative and control cases. Surgery was able to restore some airflow, to the same degree as 

in the control case, and improve pressure. Absolute humidity was reduced by 1% below the level 

in the control case. The effect of ELP was more significantly pronounced. Temperature was on 

average 4.2°C cooler than the frontal recess of both preoperative and control cases, airflow 

increased 117% over the control to 0.76 m/s, pressure decreased 2.8 Pa below the control and 

absolute humidity dramatically reduced to 17% less than the control. 
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5.4.2 Drug distribution 

Considerable differences were seen in drug deposition between the spray and nebuliser within the 

four sinus geometries (Figures 5.3 and 5.4). Simulations of nasal spray were associated with 

higher levels of drug deposition but displayed predominantly anterior deposition (66% in normal, 

87.5% preoperatively, 59% postoperatively and 56% following an ELP). This simulation does not 

account for losses of nasal sprays into the nasopharynx following further cycles of breathing and 

swallowing in vivo. Following ESS, drug distribution improved to the maxillary ostium (3.8%) 

and sphenoid ostium (1.2%) but only reached the frontal ostium in the ELP case.  

 

Nebulised, small particle distribution was consistently associated with low levels of total drug 

distribution (9.5% in normal, 12.5% preoperatively, 10% postoperatively and 13.7% following an 

ELP) and high levels of particles escaped through the nasopharynx (90.6% in normal, 87.5% 

preoperatively, 93% postoperatively and 87% following an ELP). However, small amounts of 

drug delivery were consistently improved with small particle nebulisation to the maxillary ostium, 

sphenoid ostium and frontal ostium when compared to the preoperative state. 

 

 

Figure 5.3: Average drug deposition (%) in the four sinus geometries following simulation of a nasal spray 
(20 µm particle) and nebuliser (5 µm particle). Anterior deposition represents particles deposited in the 
first 30 mm of the nasal cavity. ELP = endoscopic Lothrop procedure. 
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Figure 5.4: Drug distribution in the paranasal sinuses geometries following simulation of a conventional 
nasal spray (20 µm particle) and nebuliser (5 µm particle). ELP = endoscopic Lothrop procedure. 
 

 

5.5 Discussion 

Although a large number of studies have shown that ESS is a safe and effective treatment for 

CRS, its therapeutic mechanism is not well understood. In this study, CFD techniques were used 

to determine the effect of surgery on flow, temperature, humidity and drug delivery within the 

sinuses. Sinus surgery significantly increases sinus airflow with a resultant drop in humidity and 

temperature. The changes in these physical parameters may have an impact on mucociliary 

function and sinus microbiota. Of particular importance, this model predicts a significant increase 

in topical drug distribution, particularly following ELP. An improved understanding of the effects 

of surgery on paranasal physiology may help to determine the most effective surgical approach to 

CRS and facilitate the development of more efficient drug delivery techniques. 

 

Direct measurement of postoperative changes in intranasal physiology is technically challenging. 

For this reason, CFD studies have been used to estimate airflow and particle transport throughout 

the human airway.156,157 Previous studies describing postoperative changes in the paranasal 

sinuses have typically been limited to maxillary sinus and nasal cavity. This study agrees with 

previous findings that surgery increases airflow into the maxillary sinus and, as a result, cools 

down the sinus environment.137,140-142 However, a study evaluating postoperative changes in 

environment and drug deposition, in a number of sinus ostia, across a wide spectrum of operative 

geometries, has not been published to date. The frontal recess is often omitted from intranasal 

CFD studies despite representing an important anatomical target of successful ESS. Topical 

postoperative therapies have difficulty reaching this region and as a likely consequence, the 

frontal recess is a common site of early disease recurrence (Figure 5.5). In one study of 338 
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patients, 55% of polyp recurrences occurred in the frontal sinus ostium following a Draf IIa 

procedure.158 The Draf III procedure was found to reduce frontal sinus recurrences. It is likely 

that the significant physiological changes that occur in the frontal recess following a Draf III 

(cooler, drier, less pressure and more airflow) combined with improved distribution of topical 

therapies are able to create an aerobic shift in microbiota and restore healthy immunological 

processes (such as airway surface liquid)159 that reduce recurrence of disease.  

 

 

Figure 5.5: Differences in endoscopic appearance of the frontal recess following a) standard endoscopic 
sinus surgery, b) endoscopic Lothrop procedure (Draf III), and c) disease recurrence following standard 
endoscopic sinus surgery. 
 

 

Surgery that eliminates shearing or turbulent airflow may also decrease biofilm cell density and 

strength of attachment to the underlying mucosa.160 Greater airflow is likely to favor growth of 

aerobic over anaerobic communities. In this study, humidity was consistently reduced in the 

postoperative sinus cavities. Microbial growth does not occur on objects surrounded by air with 

a relative humidity of 60% or less.161 Typically, relative humidity must be at least 70% to support 

the growth of moulds and as much as 85-95% for Gram-positive and Gram-negative bacteria.162 

In vitro studies have shown that lower environmental humidity is able to cause changes in 

bacterial morphology and ultimately cause bacterial cells to lyse. In one study Gram-positive 

cocci increased in cell size following small reductions in humidity.161 In particular, 

Staphylococcal species started growing in tetrad /cubical formations instead of their normal grape-

like formations. Only a biofilm forming strain of S. epidermidis was able to grow at the lowest 

relative humidity of 81%. In lower humidity, Gram-negative rods formed large wave-like patterns 

and became increasingly filamentous.  

 

The sinonasal passage serves to warm and humidify inhaled air, increase resonance of speech and 

trap inhaled particles.163 While the restoration of airflow and creation of pressure gradients may 
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assist mucociliary clearance, dramatic changes in the sinuses may also increase evaporative 

moisture losses. Although a majority of patients symptomatically improve following ESS, a 

number of patients develop recalcitrant crusting and thickening of mucus. It is likely that this is 

partly due to cooler and drier postoperative sinus environment, which is generally managed with 

saline irrigations. Although the postoperative geometry of the paranasal sinuses provides 

improved access for topical therapies, desiccation of healing tissues may have a negative impact 

on mucosal rehabilitation after surgery. Aqueous gels applied perioperatively may prevent 

evaporative losses and improve wound healing.164  

 

Improvement in postoperative drug distribution is a commonly cited benefit of ESS. In this study, 

particle deposition improved following surgery and nebuliser and spray distributions varied 

considerably. Nebulised small particles were able to reach distant targets (such as the frontal and 

sphenoid ostium), but the nasal spray was unable to. Conversely, the smaller 5 µm particle had a 

larger proportion of nasopharyngeal escape (more than 87%) in all models. It is likely that an ideal 

particle for topical drug distribution following surgery would be small enough to move against 

gravity to the frontal recess and sphenoid ostium, but large enough to not readily escape from the 

nasal cavity. Previous studies have predicted the ideal particle diameter for medication targeting 

the maxillary sinuses to be between 3 and 11 µm.154,165,166 

 

This study was based on models from a single normal control and a small number of patients. The 

development of accurate sinus models through manual ‘slice-by-slice’ segmentation and high 

computational requirements are a significant barrier to including large numbers of subjects in 

CFD studies. It is likely that relatively subtle inter-patient variations in geometry may have an 

effect on CFD models and simulations, compared to the large variations in geometry caused by 

surgery. Accordingly, it is likely that the differences in the four geometries presented in this study 

(representing the four surgical states) are considerably greater than can be explained by 

differences between individuals. Small sample sizes are typical of CFD publications in 

otolaryngology.138,140-142,144,149,167 The inclusion of a healthy normal case in this study provides 

insight into the physiology of a healthy nasal cavity. Environmental changes or a shift towards a 

normal sinus ecosystem is likely to be considerably more complex than the physical factors that 

we have modelled in this study, involving tissue factors, innate immunity, the air tissue interface, 

microbial ecology, nitric oxide production, mucus production and mucociliary clearance. 

However, the physical factors are likely to be highly clinically relevant, and we believe that the 

CFD approach is currently the best way of determining changes in physical parameters in the post 

surgical sinus cavity. 

5.6 Conclusion 
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To our knowledge, this is the first study to describe the environmental changes that may occur 

following ESS. Surgery has the potential to infer a considerable effect on the geometry, 

physiology and postoperative drug distribution into the paranasal sinuses. These changes may 

have a host of implications on wound healing, mucociliary function and microbial ecology in the 

postoperative sinus cavities. Further application of this model and a clearer understanding of the 

in vivo effects of surgery may assist in preoperative surgical planning, development of targeted 

therapy and optimisation of postoperative topical drug delivery. 
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CHAPTER 6. CHANGES IN THE BACTERIAL MICROBIOME OF PATIENTS WITH 

CHRONIC RHINOSINUSITIS AFTER ENDOSCOPIC SINUS SURGERY. 
 

6.1 Abstract 

6.1.1 Introduction  

Endoscopic sinus surgery (ESS) improves symptoms for many chronic rhinosinusitis (CRS) 

patients by enlarging the size of sinus ostia, improving mucociliary clearance and facilitating 

access for topical therapies. However, the effect of surgery on the sinonasal microbiota remains 

poorly understood. This study examined changes in bacterial communities in CRS patients before 

and after surgery. 

 

6.1.2 Methods  

Swab samples were taken from the middle meatus of 23 patients undergoing endoscopic sinus 

surgery. Follow up swabs were taken in clinic (mean 120 days post-surgery). Symptom scores 

and antibiotic use were recorded. Bacterial communities were characterised using 16S rRNA 

gene-targeted amplicon sequencing and bacterial abundance was measured using quantitative 

PCR. Co-existing asthma, aspirin sensitivity, antibiotic use and presence of polyps were 

controlled for. 

 

6.1.3 Results  

Unpredictable shifts in bacterial community composition were seen postoperatively. ESS was 

associated with increased bacterial richness. Many taxa had changes in average relative abundance 

and prevalence. Staphylococcus was the only dominant taxa to increase significantly in relative 

abundance (p = 0.002). Changes in bacterial communities were driven more by inter-subject 

variability (p = 0.007) than other study factors. Finegoldia, a minority taxon, was associated with 

a reduction in abundance following ESS, increases in patients with higher symptoms scores and 

reductions in patients with reduced total bacterial burden. 

 

6.1.4 Conclusions  

This study has documented changes in bacterial composition and abundance in the middle meatus 

following ESS. The complexity of these changes reflects the variability between patients. Modern 

molecular techniques highlight the currently limited knowledge of the impact of therapies on the 

microbiology of CRS. 
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6.2 Introduction 

Optimising postoperative care in chronic rhinosinusitis (CRS) remains challenging, with the 

significance of the numerous patient factors, microbiological factors and treatment factors yet to 

be completely understood. Studies comparing differences in bacteriology following endoscopic 

sinus surgery (ESS) using traditional microbial culture, have reported a variable predominance of 

coagulase-negative staphylococci, as well as Staphylococcus aureus, diphtheroids, Streptococcus 

pneumoniae and Pseudomonas aeruginosa.23,168-171 It has been thought that the development of 

recalcitrant symptoms with poor progression following surgery may be driven by increases in 

Staphylococcus aureus and Pseudomonas aeruginosa.22,24,115,172,173 

 

Recently, modern DNA-based molecular techniques have shown that culture-based assessments 

of sinus microbiology do not accurately reflect the complexity of the microbiota within the 

sinuses.174,175 In fact, between 20 to 60% of the human microbiota may be uncultivable.26 The use 

of bacterial 16S rRNA gene sequencing has allowed for more accurate descriptions of the 

intranasal microbiota in health and disease states.28,71,176 Using these techniques, it is now possible 

to explore the link between ESS and changes in bacterial populations at a higher resolution. 

 

Despite a large number of studies addressing the questions around the pathogenic role of bacteria 

in CRS, there is still no consensus.71,104 As a result, the microbiota-directed postoperative care of 

CRS patients is still largely empiric. A better understanding of the role of the sinus microbiota in 

postoperative outcomes is needed for identifying treatment targets. The aim of this study was to 

characterise the changes in microbiota of patients with CRS following endoscopic sinus surgery, 

while controlling for variables such as asthma, aspirin sensitivity, disease status, symptom scores 

and postoperative antibiotic use in subsequent analysis. 

 

 

6.3 Methods 

6.3.1 Study design and population 

Twenty-three adult patients undergoing endoscopic sinus surgery for CRS by a single surgeon 

(RD) were recruited. Patients were excluded if the Lund-Mackay score of radiological severity 

was less than 10 out of 24 or if they had received systemic or topical antibiotics in the four weeks 

prior to surgery. This antibiotic free period was chosen to allow for bacterial recovery while not 

significantly affecting opportunities for recruitment. Previous studies involving the gut 

microbiome have observed a return towards steady state within four weeks following cessation of 

antibiotics.85,177 Prior to enrolment all patients were using a twice daily topical fluticasone spray, 

which was continued throughout the study period. All study participants completed a CRS 



 56 

symptom score survey immediately prior to surgery and at a follow up appointment, in which they 

rated the severity of five nasal symptoms on a scale between 0 and 5, including nasal obstruction, 

anterior and posterior rhinorrhea, sinus pain or pressure, and anosmia.178,179 This study was 

approved by the New Zealand Health and Disability Ethics Committee, as well as by the ethics 

committees of the participating hospitals. Informed, written consent was obtained from all study 

patients. 

 

Preoperative sampling was performed on patients immediately after induction of anaesthesia and 

prior to the application of topical mucosal vasoconstrictors and delivery of intravenous antibiotics. 

Two sterile rayon-tipped swabs (Copan Diagnostics Inc., Murrieta, CA) were used under 

endoscopic guidance to sample the surface mucosa of the left middle meatus. Swabs were 

discarded and retaken if contaminated by mucosa outside the target region. Paired swabs collected 

during endoscopic sinus surgery were placed into RNAlater (Life Technologies, Auckland, New 

Zealand). Samples were transported to the laboratory on ice within 2 h of collection and stored at 

-20°C until analysis. Postoperative sampling was performed in the same fashion during the four-

month follow up appointment in clinic. This time point was chosen to coincide with routine follow 

up while allowing for complete healing of surgical wounds and postoperative recovery of 

microbial communities. 

 

6.3.2 Genomic DNA extraction and bacterial 16S rRNA gene sequencing 

Genomic DNA was extracted from the samples using the AllPrep DNA/RNA Isolation Kit 

(Qiagen, Hilden, Germany).28 In brief, a Qiagen TissueLyser II was used to rupture the cells at 25 

m/s for 2 × 40 s. A negative extraction was performed in parallel using sterile water. Genomic 

DNA was eluted in 30 µL of DNase-free water. Quality and quantity was measured on a Nanodrop 

3300 fluorospectrometer and by using Qubit dsDNA HS (high sensitivity) Assay kit (Life 

Technologies, Auckland, New Zealand). 

 

The 16S rRNA bacterial gene (V3-V4 region) was amplified from the extracted genomic DNA 

using primers 341F and 806 R.94 In brief, genomic DNA template (~100 ng) was added to each 

25 µL PCR reaction mixture, which included the following: Equimolar concentrations (0.2 µM) 

of each primer, dNTPs (0.2 mM), HotStar PCR buffer (x1), MgCL2 (2 mM), 0.5U HotStar DNA 

polymerase (Qiagen, Hilden, Germany) and PCR-grade water. PCR reactions were conducted 

under the following conditions: 95°C for 15 min, followed by 35 cycles of 95°C for 30 s, 55°C 

for 30 s, and 70°C for 40 s, with a final step of 3 min at 70°C. Duplicate PCR reactions were 

conducted for each sample, and the pooled amplified products were purified using Agencourt 
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AMPure beads (Beckman Coulter Inc., Brea, CA), quantified using Qubit dsDNA HS Assay kit, 

and qualitatively checked on Agilent High Sensitivity DNA chips (Agilent Technologies, Santa 

Clara, CA).  

 

Amplicon sequencing was conducted using a dual-indexing (two-step PCR) approach with 

Nextera technology on the Illumina MiSeq platform (2x300 bp paired-end reads) at New Zealand 

Genomics Limited. Raw sequences have been uploaded onto the SRA-NCBI database (BioProject 

number: PRJNA317598).  

 

6.3.3 Quantitative real-time PCR 

Bacterial 16S rRNA gene abundance from extracted genomic DNA was quantified using real-

time PCR with primers 8F and 341R, as previously described.28 Human Beta-Actin gene was also 

targeted and quantified in the samples to calculate proportions of bacterial to human DNA. The 

bacterial 16S rRNA gene copies reported in this study were normalised based on the measured 

Human Beta-Actin gene abundance for each sample. 

 

6.3.4 Bioinformatics 

Raw sequences were analysed using a combination of USEARCH and QIIME software 

packages.95,96 In brief, paired-end sequences were first merged and quality filtered in USEARCH. 

Singletons were removed following dereplication. Unique sequences were clustered in 

USEARCH into operational taxonomic units (OTUs) at a threshold of 97% sequence similarity. 

An additional reference-based chimera filtering step was also conducted using the SILVA gold 

chimera reference database. OTU taxonomic classification (with SILVA 16S rRNA gene database 

(v119) as reference) was conducted within QIIME using RDP Classifier 2.2.180 Sequences were 

aligned using PyNAST181,182 and a phylogenetic tree generated via FastTree version 2.1.3.183 

Samples were rarefied to even sequencing depth of 1400 sequences per sample, and alpha and 

beta diversity measures of the bacterial communities (including UniFrac184) were subsequently 

estimated in QIIME for each sample. 

 

6.3.5 Statistical analysis 

Statistical analysis was performed on the patient data using SAS version 9.4 (SAS Institute Inc., 

Cary, NC) and R (v3.2.3).97 Microbiological outcomes were defined by richness (Chao1 and 

OTUs), diversity (Shannon and Simpson), average relative abundance (the proportional presence 

of each taxa in a sample), and prevalence (presence or absence of each taxa in a sample). 

Significance tests were set at p < 0.05 (two-sided). The differences before and after surgery were 

first evaluated using a paired t-test or Wilcoxon signed rank test on continuous variables, and the 
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McNemar test on categorical variables. Regression analyses were conducted controlling for 

patients’ clinical characteristics including diagnosis, asthma status, aspirin sensitivity, antibiotic 

use, symptom scores and number of days since surgery. Correlation between repeated measures 

on the same patient was taken into account in all models. Results are reported as mean ± standard 

error. 

 

The proportion of these factors contributing to variation in samples was evaluated using weighted 

UniFrac distances, as measured by permutational multivariate analysis of variance 

(PERMANOVA), along with the Adonis function of the Vegan Package (v2.3.2) in R.97,98 The 

obtained R2 values were used to generate p values by comparison to 999 random permutations of 

the dataset. 

 

 

6.4 Results 

All 23 patients (13 male, 10 female) had intraoperative and postoperative (average 120 ± 6 days) 

samples collected. Complete cohort demographics are presented in Table 6.1. The average age of 

participants in this study was 43 (± 2.3). Twelve patients had CRS with nasal polyps (CRSwNP), 

14 patients had asthma and six had aspirin sensitivity of whom three had Samter’s triad. Sixteen 

patients underwent FESS (including middle meatal antrostomies, frontoethmoidectomies, and 

sphenoidectomies), and seven patients also had a Draf III /frontal sinus drill-out procedure 

performed. The average Lund-Mackay score was 17 (± 1).  

 

The average improvement in symptom score following surgery was 8.9 (± 1.2). All patients were 

given antibiotics following surgery (most commonly doxycycline for 14 days) and many were 

given additional courses according to perceived clinical need in the postoperative period. The 

average number of postoperative courses of antibiotics per patient was 1.7 (± 0.2). Antibiotics 

prescribed were doxycycline (21x), co-trimoxazole (11x), amoxicillin-clavulanate (3x), 

flucloxacillin (2x), cephalexin (2x), erythromycin (1x), ciprofloxacin (1x), cefaclor (1x), 

clindamycin (1x), roxithromycin (1x) and azithromycin (1x). 

 

6.4.1 Richness  

The 16S rRNA gene sequencing data indicated a total of 208 bacterial genera were detected. 

Paired tests were performed to compare changes in richness indices (Chao1 and observed OTUs) 

before and after surgery. Both Chao1 and number of observed OTUs increased following surgery 

after controlling for confounding variables (differences of 12.8 ± 5.7, p < 0.04 and 24.4 ± 9.2, p 

= 0.01 respectively, Figure 6.1). The number of antibiotic courses taken postoperatively and 



 59 

aspirin sensitivity status were found to be associated with reductions in the number of observed 

OTUs (-11.2 ± 4.2, p < 0.02 and -22 ± 8.1, p = 0.01 respectively). The number of postoperative 

days elapsed at the time of sampling was associated with an increase in observed OTUs (0.56 

units per postoperative day ± 0.14, p = 0.001). 

 

 
Table 6.1: Demographics and disease state of study cohort. 

Patient # Age Gender Diagnosis Asthma Aspirin 
Sensitivity 

Postop 
Antibiotic 
Courses 

CRS Symptom Score (out of 25) 

Preoperative Early 
Postoperative Difference 

1 35 M CRSwNP Y Y 3 21 14 -7 

2 35 F CRSwNP N Y 5 11 10 -1 

3 41 M CRSwNP N N 2 20 8 -12 

4 46 F CRSsNP Y N 5 21 6 -15 

5 32 M CRSsNP N N 2 9 4 -5 

6 39 M CRSwNP N N 1 18 1 -17 

7 66 M CRSwNP N Y 2 21 0 -21 

8 45 M CRSsNP Y N 3 21 17 -4 

9 66 M CRSwNP Y Y 2 12 3 -9 

10 28 M CRSsNP Y N 1 14 7 -7 

11 38 M CRSwNP N N 1 22 4 -18 

12 45 F CRSsNP Y Y 1 11 6 -5 

13 31 F CRSsNP N N 1 3 3 0 

14 31 F CRSwNP Y N 2 12 13 1 

15 41 M CRSsNP Y N 3 14 7 -7 

16 43 M CRSwNP Y N 3 19 2 -17 

17 63 F CRSsNP N N 1 12 1 -11 

18 54 F CRSwNP N N 1 13 5 -8 

19 33 F CRSsNP Y N 3 24 13 -11 

20 56 M CRSwNP Y Y 1 16 6 -10 

21 41 F CRSsNP Y N 1 13 9 -4 

22 48 M CRSsNP Y N 2 7 2 -5 

23 41 F CRSwNP Y N 2 19 8 -11 

M = male, F = female, CRSwNP = CRS with nasal polyposis, CRSsNP = CRS without nasal polyposis, Y 
= yes, N = no.  
 

 

6.4.2 Diversity 

Paired tests performed on diversity indices revealed no significant postoperative changes 

(Shannon: 0.01 ± 0.3, p = 0.98 and Simpson: -0.04 ± 0.07, p = 0.62). Asthma was found to 

significantly contribute to variability in Shannon (p < 0.03) and Simpson (p = 0.008) 

measurements, but did not alter the result when comparing postoperative differences.  
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Figure 6.1: Box and whisker plots comparing bacterial community diversity (Shannon and Simpson) and 
richness (Chao1 and Observed OTUs) calculated for all 23 patients pre and postoperatively. The ‘box’ 
represents the interquartile range, the horizontal bar shows the median value and the ‘whiskers’ represent 
the minimum and maximum values. 
 

 

6.4.3 Bacterial composition 

In the middle meatus, bacterial communities were dominated by Firmicutes (mostly 

Staphylococcus and Streptococcus), Proteobacteria (mostly Haemophilus and Moraxella) and 

Actinobacteria (predominantly Corynebacterium) with few changes at phylum level after surgery. 

At genus level, large increases in Staphylococcus were observed after surgery (an increase of 

average relative abundance of 24.7%, p = 0.002). Individually, 18 out of 23 (78%) patients had 

increases in Staphylococcus following surgery. Most other genera had reductions in average 

relative abundance after surgery. Overall, considerable variability was observed between 

individuals at both phylum and genus levels. The most abundant taxa recorded in this study are 

shown in Table 6.2. Significant postoperative differences in average relative abundance are 

described in Table 6.3. 

 

Sequence data (Figure 6.2) demonstrate considerable variation of microbiota both within and 

between individuals. Analysis of this variation was performed using Adonis on weighted UniFrac 

values considering the impact of time point, disease status, asthma, aspirin sensitivity, courses of 

antibiotics taken postoperatively and changes in symptom scores. The largest proportion of 

explained differences was due to inter-patient differences (61%, p = 0.007) of which asthma 

(9.9%, p = 0.002) and changes in symptom scores (5.3%, p < 0.02) were significant. 

 

6.4.4 Prevalence 

The most prevalent species recorded in this study (at phylum and genus levels) are shown in table 

2. Many genera were found to have a prevalence of less than 10% (139 preoperatively and 130 

postoperatively). Staphylococcus (pre: 95.7%, post: 100%), Streptococcus (pre: 95.7%, post: 

100%), Corynebacterium (pre: 100%, post: 95.7%) and Propionibacterium (pre: 95.7%, post: 

87%) were the most prevalent genera detected in the group of 23 patients both before and after 

surgery. These four genera contributed 47% of the average relative abundance preoperatively and 
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58% postoperatively. Significant postoperative differences in prevalence were only seen in 

Dolosigranulum (p = 0.02), Blautia (p = 0.04) and Brevundimonas (p = 0.04) (Table 6.3). 

 

6.4.5 Bacterial abundance 

Analysis for differences in bacterial abundance was estimated by qPCR for 16S rRNA gene copy 

numbers. After controlling for confounders, no significant difference was found postoperatively 

(p = 0.47). After controlling for possible confounders, the genera associated with changes in 

symptom scores and 16S rRNA copy numbers are presented in Table 6.4. 
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Table 6.2: Taxonomic breakdown of samples at phylum and genus levels. 

  Preoperative (n=23) Postoperative (n=23) 
ARA % Prevalence % ARA % Prevalence % 

Phyla level      
Firmicutes 44.4 100.0 47.4 100.0 
Proteobacteria 30.0 100.0 31.5 100.0 
Actinobacteria 19.5 100.0 19.2 95.7 
Bacteroidetes 4.6 73.9 0.9 82.6 
Fusobacteria 1.2 47.8 0.3 60.9 
Cyanobacteria 0.0 30.4 0.5 69.6 
others 0.2 78.3 0.4 82.6 
       
Genus level      
Streptococcus 17.7 95.7 1.3 100.0 
Corynebacterium 16.9 100.0 13.7 95.7 
Haemophilus 15.2 65.2 12.9 78.3 
Staphylococcus 13.2 95.7 37.9 100.0 
Moraxella 7.8 43.5 2.8 26.1 
Peptoniphilus 4.7 73.9 1.8 69.6 
Anaerococcus 4.2 82.6 3.2 69.6 
Porphyromonas 3.6 39.1 0.1 39.1 
unclassified Neisseriaceae  2.5 47.8 2.4 52.2 
Propionibacterium 1.9 95.7 4.8 87.0 
Dolosigranulum 1.5 43.5 0.0 8.7 
Finegoldia 1.5 73.9 0.6 56.5 
Campylobacter 1.4 39.1 0.1 39.1 
Fusobacterium 1.2 34.8 0.2 52.2 
Prevotella 0.9 52.2 0.3 60.9 
Neisseria 0.7 39.1 0.5 52.2 
Gemella 0.5 30.4 0.1 34.8 
Pseudomonas 0.2 30.4 2.8 43.5 
Alloiococcus 0.1 17.4 1.4 26.1 
Acinetobacter 0.0 52.2 0.9 65.2 
Serratia 0.0 21.7 4.1 4.3 
others 4.3 9.2 8.0 12.4 

Values represent average relative abundance (ARA %) and prevalence (%) of taxa from all 23 patients 
before and after surgery. Genus level taxa represent microbiota greater than 0.5% in ARA. 
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Table 6.3: Genera with significant postoperative differences in average relative abundance (ARA) and 
prevalence in the study population. 

  All patients (n=23) 
  Preoperative Postoperative Difference Significance (p value) 
ARA (%)         
Streptococcus 17.7 1.3 -16.4 0.05 
Staphylococcus 13.2 37.9 24.7 0.002 
Peptoniphilus 4.7 1.8 -2.9 0.03 
Dolosigranulum 1.5 0.0 -1.5 0.004 
Finegoldia 1.5 0.6 -0.9 0.03 
Campylobacter 1.4 0.1 -1.3 0.05 
other Bradyrhizobiaceae * 0.5 1.1 0.6 0.04 
Chloroplast 0.0 0.4 0.4 0.004 
Subdoligranulum 0.01 0.05 0.04 0.02 
Bacteroides 0.01 0.04 0.03 0.01 
Blautia 0.0 0.1 0.1 0.004 
Faecalibacterium 0.00 0.04 0.03 0.02 
Brevundimonas 0.0 0.1 0.1 0.01 
Capnocytophaga 0.00 0.04 0.04 0.05 

       
Prevalence (%)      
Dolosigranulum 43.5 8.7 -34.8 0.02 
Blautia 26.1 60.9 34.8 0.04 
Brevundimonas 17.4 47.8 30.4 0.04 

* Does not include genera Bosea. 
 

 
Table 6.4: Species significantly associated with a per unit change in symptom scores and /or log-
transformed qPCR-based quantification of 16S rRNA gene copy numbers after surgery, after controlling 
for patient diagnosis, asthma, aspirin sensitivity and number of antibiotic courses prescribed. 

  Change in average relative abundance (n=23) 
  Estimate Standard Error Significance (p value) 
Symptom Scores     
Alloiococcus 0.006 0.003 0.05 
Corynebacterium -0.016 0.004 0.001 
Finegoldia 0.001 0.000 0.05 
other Pasteurellaceae ^ 0.000 0.000 0.03 
Turicella 0.001 0.000 0.03 
      
Log qPCR copies     
other Bradyrhizobiaceae * -0.004 0.001 0.004 
Corynebacterium -0.027 0.010 0.02 
Finegoldia -0.002 0.001 0.02 

* Does not include genera Bosea. ^ Does not include genera Actinobacillus, Aggregatibacter and 
Haemophilus. 
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Figure 6.2: 16S rRNA gene-based bacterial community composition and abundance data for 23 patients 
pre and postoperatively. Graph A: Phlya level. Graph B: Genus level. Graph C: Square root transformed 
16S rRNA gene copies. “a” represents preoperative time point and “b” represents postoperative time 
point. 
 

 

6.5 Discussion 

This study describes the perioperative changes in the microbiota of the middle meatus in patients 

with CRS using 16S rRNA gene sequencing. Patients analysed in this study were on average 

dominated in both prevalence and relative abundance by Staphylococcus, Streptococcus and 

Corynebacterium. The average relative abundance of Staphylococcus consistently increased 

following surgery, and Streptococcus and Corynebacterium both reduced consistently following 

surgery. Only the changes in Staphylococcus and Streptococcus were significantly different 

postoperatively, but neither of these changes were reflected in significantly different 16S rRNA 

qPCR replicate numbers or patient symptom scores. Of these dominant bacteria, only 

Corynebacterium had an association with symptom scores and qPCR replicates – reductions in 

Corynebacterium were associated with an increase in both variables. At the whole community 

level, when postoperative differences were compared, bacterial richness was found to increase. 
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It is likely that factors such as asthma or exposure to antibiotics will contribute to changes in 

microbiota,185,186 and thus controlling for confounding variables is a particular strength of this 

study. It was found that antibiotics and aspirin sensitivity were associated with reduction in OTUs, 

while the number of days to postoperative time point was associated with an increase in OTUs. 

Asthma was a significant contributor to variability in bacterial diversity. The effects of these 

factors highlight difficulties of grouping patients by patterns of clinical symptoms rather than by 

underlying immunological state, which may be affected by antimicrobial or environmental 

exposures. 

 

Previous studies have shown increases in Staphylococcus aureus carriage is associated with 

reduced bacterial diversity, recalcitrant disease and higher revision rates.22,25,172,174 In this study, 

the majority of our patients had improvements in symptom scores following surgery, despite 

increases in average relative abundance of Staphylococcus and no associations with symptom 

scores found. These increases were seen despite postoperative anti-Staphylococcus directed 

antibiotic therapy. Although this study is not able to resolve populations at a species level, this 

finding of increased Staphylococcus abundance after surgery is consistent with other recently 

published molecular studies.107,108 The significance of such changes in bacterial abundances after 

surgery is difficult to ascertain, as there are still many factors not yet completely understood about 

the effect of surgery on the microbiota and the post ESS sinus environment. It is possible that 

antibiotics may have a greater detrimental effect on minority populations and commensals, 

encouraging growth of Staphylococcus following surgery. A study of 12 CRS patients found that 

bacterial burden (by qPCR 16S gene copy numbers) increased following surgery and a two week 

course of amoxicillin-clavulanate.108 Interestingly, no significant differences in richness or 

diversity were seen and in many patients changes in microbiota had returned towards preoperative 

baseline by six weeks. Increases in Staphylococcus aureus culturability in recalcitrant disease may 

be related to changes in phenotype and virulence factors.88,187-190 Dormant bacteria have been 

found in the blood of healthy individuals seemingly evading the immune system by occult 

attachment to blood cells and able to reseed in tissues when conditions are more favourable.191-193  

 

Changes in microbial communities are also yet to be explained within the context of sinus 

environmental changes. Patient improvement following sinus surgery is likely to be a complex 

interaction between host, microbiological and treatment factors. Changes to the physical sinus 

structure following ESS may have an effect on the paranasal physiology. Greater airflow is likely 

to cause reductions in temperature and humidity creating a cooler and drier postoperative 

ecosystem, which may have an effect on bacterial morphology and metabolism.137,140,141,161,162 
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Cyanobacteria was found in a relatively large number of patients of this study, although the 

relative abundance of this phylum in the samples was very small (0 - 0.5% average relative 

abundance of the sequences). Cyanobacteria are mostly found in aquatic environments but are 

also known to cause illnesses in humans.194 It has previously been found in small abundance in 

stool samples195, the oral cavity196 and the paranasal sinuses.78,197 It is highly possible that these 

organisms reach these body sites through contact with or consumption of water. In this study, a 

negative extraction control was carried out in parallel to study samples. The negative control did 

not amplify any bacterial PCR product or measure any quantifiable bacterial DNA using the Qubit 

dsDNA HS Assay kit. Thus, the Cyanobacteria reported in the sinuses of these patients are most 

likely to be a true representation of the sinus microbiome. 

 

Of particular interest are the large number of taxa that constitute an extremely small fraction of 

the total detected microbiota. In this study, 179 taxa comprised less than 1% of the total 

preoperative average relative abundance. A number of minority taxa had significant changes after 

surgery (Peptoniphilus, Dolosigranulum, Finegoldia, Campylobacter, non Bosea 

Bradyrhizobiaceae, Chloroplast, Subdoligranulum, Bacteroides, Blautia, Faecalibacterium, 

Brevundimonas, Capnocytophaga, Alloiococcus, Finegoldia, ‘other’ Pasteurellaceae and 

Turicella). These taxa had varying differences in average relative abundance and prevalence, 

association with changes in symptom scores and association with changes in bacterial abundance 

as measured by qPCR. Of these, only Finegoldia was associated with a reduction in abundance 

following ESS, with increases in patients with higher symptom scores and reductions in patients 

with reduced bacterial burden (by qPCR-based quantification of gene copies). This suggests the 

possibility of a clinical correlation with worsening outcomes. Finegoldia magna (an anaerobic 

gram positive coccus) is a respiratory and skin pathogen that is able to degrade collagen and move 

into deep dermal tissue sites.198-201 The significance of subtle changes in bacterial species that are 

in low abundance can be difficult to interpret. A recent study of 23 patients with CRS and 11 

controls found that another minority bacteria, Acinetobacter johnsonii, was more abundant in 

controls, increased in CRS patients after surgery and was associated with improved quality of 

life.107 

 

A further difficulty with postoperative studies is reflected in variability of the perioperative 

course. Typically, postoperative care (e.g. debridement, systemic antibiotics and topical therapies) 

is based on clinical need, however the physician response to clinical need varies considerably 

between clinicians and centres. Difficulty standardising perioperative care between patients may 

introduce variability to the microbiota, the significance of which is difficult to determine. 

However, this study suggests that the majority of variation in microbiota is driven by inter-
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individual variability (or individual responses to treatment), in contrast to treatment overall. It is 

likely that more accurate descriptions of changes in microbiota mirrored by descriptions of 

immunological function are needed. One study comparing differences between CRS and health 

found minimal differences in the microbiota, however, when peripheral blood leukocytes were 

exposed to microbiota in lavage samples, CRS patients produced significantly more IL-5.78 

Failure of long-term courses of antibiotics to bring about meaningful improvements in clinical 

outcomes may indicate that changes in bacterial communities are masking the underlying host 

immune dysregulation.45,202,203 

 

 

6.6 Conclusion 

This study demonstrates changes in bacterial composition and abundance in the middle meatus 

following ESS. The complexity of these changes mirrors the variability between patients. The 

data do not support the notion that outcomes following ESS may be due to obvious changes in the 

microbiome. Modern molecular techniques highlight our limited understanding of the impact of 

current therapies on the microbiology of CRS. 
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CHAPTER 7. THE EFFECTS OF TOPICAL AGENTS ON PARANASAL SINUS MUCOSA 

HEALING: A RABBIT STUDY. 
 

7.1 Abstract 

7.1.1 Introduction 

Numerous topical agents have been used intra-operatively to enhance postoperative mucosal 

healing or reduce scar formation. However, the histological effects of many of these treatments 

have not been well described. This study investigates the impact of topical mometasone furoate, 

acitretin, lactoferrin and Silastic on sinus mucosal healing in a rabbit model. 

 

7.1.2 Methods 

Forty-eight New Zealand white rabbits underwent defined, localised stripping of a bilateral region 

of maxillary sinus mucosa. One of six treatments was placed in one maxillary sinus, and the 

treatment carrier applied contralaterally (0.1% mometasone furoate, 0.25% and 0.5% acitretin, 

lactoferrin, Silastic and no treatment, n = 8 each group). Rabbits were euthanised after two weeks 

and histological sections examined with light microscopy. 

 

7.1.3 Results 

Treatment with acitretin 0.25% and 0.5% improved cilial recovery by 0.9 ± 0.5 (p = 0.003) and 

0.5 ± 0.5 (p < 0.05) respectively. Acitretin 0.25% treatment also significantly reduced collagen in 

healing mucosa (5.1% ± 4.8%, p = 0.04). Conversely, rabbits treated with mometasone furoate 

0.1% were more likely to have reduced cilial and goblet cell recovery. Inter-group comparisons 

demonstrated a significant improvement in cilial recovery scores with both acitretin doses 

compared with mometasone furoate (p < 0.05) and less collagen deposition in rabbits treated with 

placebo gel over Silastic (p < 0.05). Mucosa directly underlying a blood clot had a lower cilia 

score and impaired epithelial recovery (p < 0.001). 

 

7.1.4 Conclusion 

Intra-operatively applied agents have the potential to significantly affect wound healing. Acitretin 

improved cilial recovery and reduced collagen deposition. 
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7.2 Introduction 

A myriad of topical medications and dressings have been applied to the paranasal sinuses to 

promote wound healing after functional endoscopic sinus surgery (FESS). The evidence of 

efficacy for many of these therapies is not strong, and there are relatively few studies describing 

their effects at a histological level.  

 

Optimal conditions for healing following FESS have not been carefully examined, particularly in 

the context of altered airflow and physiologic parameters – a potentially cooler and drier 

postoperative microenvironment may alter healing. It is unknown if ciliogenesis requires an air 

liquid interface in vivo. If so, topical agents that disrupt this interface, may slow the repair of 

damaged cilia. 

 

A better understanding of early postoperative management is likely to aid in the development of 

topical therapy to improve clinical outcomes and reduce recalcitrant disease and the need for 

surgical revisions. 

 

Topical corticosteroids sprays are one of the cornerstones of therapy in chronic rhinosinusitis 

(CRS) and are used almost ubiquitously.2 Silastic splints are polymeric, biologically inert, silicone 

sheets that can be inserted at the end of sinus surgery to prevent adhesions between mucosal 

surfaces.204-206  

 

Lactoferrin and retinoids are relatively novel topical possibilities for accelerating healing in the 

context of CRS. Lactoferrin, which is down regulated in CRS mucosa, is a naturally occurring 

iron-binding protein with antimicrobial properties and is part of the innate immune response.207,208 

Retinoids have been used extensively for many years in the treatment of acne vulgaris and other 

disorders of keratinisation, but only recently has its wound healing potential been investigated.209-

214 

 

The aim of this study was to describe the effects of various topical agents including a 

corticosteroid (mometasone furoate), a retinoid (acitretin), a glycoprotein (lactoferrin), an 

aqueous gel and Silastic on mucosal healing in the early postoperative period. The New Zealand 

white rabbit model has been described previously in studies of sinusitis and mucosal healing.210-

216  
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7.3 Subjects and methods 

Forty-eight New Zealand white rabbits (average weight 3.5 kg) were randomised to one of six 

groups. Both maxillary sinuses were entered via an external approach and a defined area of 

mucosa was stripped on each side. One of six treatments was then placed in the right sinus and 

the corresponding control placed in the left. Accordingly, each rabbit was able to serve as its own 

control. Mometasone furoate 0.1% (Teva Pharmaceutical Industries Ltd, Petach Tikva, Israel), 

acitretin 0.25% and 0.5% (UFAG Laboratorien AG, Sursee, Germany) were each suspended in 

the same aqueous gel (DPL, Auckland, NZ). The stability of acitretin was quality checked by 

spectrophotometry. Lactoferrin (100 µg/ml) was added to a collagen-based gel (3 mg/ml), which 

became more viscous with warming. This was prepared as previously described by our group.217 

A Silastic sheet (Medtronic, Florida, USA) and aqueous gel were placed in the right sinus without 

controls on the left. (Table 7.1) Unwounded and untreated respiratory mucosa from the left nasal 

septum served as a normal control. 

 

Rabbits had free access to chow pellet feed (NRM, Auckland, NZ) and water throughout the study. 

Institutional animal ethics committee approval was obtained for this study. 

 

 
Table 7.1: Treatment and control protocol. 

Treatment  
(Right Max. Sinus) 

Control 
(Left Max. Sinus) n 

mometasone furoate 0.1% in aqueous gel aqueous gel 8 

acitretin 0.25% in aqueous gel aqueous gel 8 

acitretin 0.5% in aqueous gel aqueous gel 8 

Silastic sheet no treatment 8 

aqueous gel no treatment 8 

lactoferrin (100 µg/ml) in collagen gel (3 mg/ml) collagen gel (3 mg/ml) 8 

 

 

 

7.3.1 Surgery 

Anaesthesia was achieved by a subcutaneous injection of ketamine (35 mg/kg) and xylazine (5 

mg/kg). The dorsum of the snout was shaved and infiltrated with subcutaneous 0.5% bupivacaine 

with adrenaline. A T shaped incision was made following which skin and periosteum were 

retracted. The maxillary sinuses were entered using a powered drill and sharp dissection. Under 

direct vision, an area of approximately 1 cm2 of sinus mucosa was elevated and stripped with an 
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otological round knife from the medial maxillary wall, exposing bone, in both maxillary sinuses. 

Care was taken not to injure the natural maxillary ostia. Haemostasis was achieved by the 

application of ribbon gauze and residual clots were carefully evacuated. Study treatments were 

instilled into the entire sinus cavity and the skin closed with 4-0 Vicryl. Rabbits were closely 

monitored for 14 days postoperatively following which euthanasia was performed by intravenous 

phenobarbitone (60 mg/kg). 

 

7.3.2 Tissue Preparation 

The bony snouts were removed and fixed in 10% neutral buffered formalin for 48 hours before 

being transferred to 70% ethanol. Decalcification of the specimens was achieved by soaking 

specimens in RDO Rapid Decalcifier (Apex, Illinois, USA) for up to three days. The external 

maxillary entry sites were usually healed over with fibrous tissue and were externally marked 

with black ink to aid histological orientation. The snouts were then processed and embedded in 

paraffin. Sections were cut at 7 µm on a microtome in the centre of the marked entry point into 

the maxillary sinuses. Multiple slides were prepared and stained with sirius red-light green, 

periodic acid-Schiff-alcian blue and hematoxylin and eosin stains.  

 

7.3.3 Histological Analyses 

Histological sections were analysed independently by two authors (RJ and SWT), who were 

blinded to treatment protocol. For each sinus cavity, four regions within the healing area were 

assessed for each study variable, and the observations tabulated and averaged. A region of 

unwounded respiratory mucosa on the nasal septum from the ‘control’ side was also assessed for 

all study variables, and served as a normal control. 

 

Slides stained with sirius red-light green were digitally slide scanned (MetaSystems GmbH, 

Altlussheim, Germany) and analysed for cilial recovery, collagen content, epithelial thickness and 

mucosal thickness in ImageJ (National Institute of Health, USA). (Figure 7.1) Collagen stained 

areas were calculated as a percentage of the full thickness mucosal tissue following thresholding 

in ImageJ. Cilial recovery was graded on a subjective scale from 0 (absent cilia) to 3 (full brush 

border). The number of goblet cells per 40x field was counted on sections stained with periodic 

acid-Schiff-alcian blue.  
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7.3.4 Statistical Analyses 

Statistical analyses were performed using SAS (version 9.4, SAS Institute, North Carolina, USA) 

undertaken with guidance from a biostatistician. The difference between pooled mean scores of 

the right and left sinus cavities were compared using a two-tailed Student’s t-test. Intergroup 

comparisons were performed using a mixed model ANOVA. Clot data was analysed by using a 

two-tailed Student’s t-test and Fischer’s Exact Test.  

 

 

Figure 7.1: Cross section of rabbit snout demonstrating maxillary sinuses with lateral sites of surgical entry 
(arrows). Healing mucosa of the medial sinus walls and the four regions of histological assessment are 
depicted by arrowheads. Magnification: 0.03x. Stain: sirius red-light green. 
 

 

Healing tissue from each treatment group was compared to the averages for unwounded septal 

mucosa across all 48 rabbits. For each mucosal variable, the difference between treatment and 

normal unwounded tissue was calculated. A global score of pooled variables was also established 

after standardisation to calculate an overall healing score. This was done by calculation of z-scores 

with directional corrections, which were summed to reflect outcomes relative to normal tissue i.e. 

increased collagen and decreased cilia were considered poor. An ANOVA was performed for both 

tests, which were compared across each treatment arm. Further treatment effects were explored 

using Tukey’s HSD. Statistical significance for all tests was accepted when p < 0.05. 
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7.4 Results 

All rabbits tolerated their surgery well. No signs of postoperative infection were seen. 

 

Initially, pooled mean scores from the left and right sinus cavities for each treatment were 

compared. (Table 7.2) Cilial recovery scores improved by 0.9 ± 0.5 (p = 0.003) and 0.5 ± 0.5 (p 

< 0.05) for rabbit sinuses treated with acitretin 0.25% and 0.5% respectively, compared to aqueous 

gel in the contralateral sinus. Rabbits treated with acitretin 0.25% were also found to have 

significantly less collagen in healing mucosa (a reduction of 5.1 ± 4.8 %, p = 0.04) (Figures 7.2, 

7.3 and 7.4). 

 

 

Table 7.2: Effect of treatments on epithelial histology. 

  Average mucosal 
thickness (µm) 

Average epithelial 
thickness (µm) 

Average cilia grading      
(0-3) Average collagen % Average goblet cells  

(per 40x field) 

  Control Treatment Control Treatment Control Treatment Control Treatment Control Treatment 

mometasone 
0.1%  217 217 14.3 12.9 1.72 1.06 26.2 20.7   4.44 ‡   1.66 ‡ 

acitretin 0.25%  332 272 10.1 12.5     0.97 **    1.88 **   23.8 *   18.7 * 4.34 5.19 

acitretin 0.5%  336 175 17.0 17.2   1.84 *   2.34 * 15.9 16.8 4.53 5.28 

Silastic 220 177 11.8 12.3 1.03 1.13   27.0 ‡   32.3 ‡ 5.50 3.28 

aqueous gel 205 197 13.1 13.5    1.44 **    1.97 **   23.4 ‡   17.4 ‡ 5.06 5.84 

lactoferrin 198 241 12.6 13.1 1.75 1.69 29.5 32.2 5.50 5.91 

normal mucosa 189   27.5   2.88   5.9   6.94   

Significant differences between treatment and control indicated by: ** p < 0.01, * p < 0.05, ‡ p < 0.10. 

 

 

Denuded bone was seen in three rabbits of the 48. Two of these rabbits had been treated with 

mometasone furoate and one with the aqueous gel. Average score differences suggested that 

mometasone furoate treated animals tended to have reduced cilial and goblet cell recovery, 

compared to the aqueous gel control (0.7 ± 0.9, p = 0.15 and 2.8 ± 2.8, p = 0.054 respectively) 

(Figure 7.5 and 7.6) 

 

Aqueous gel improved cilial recovery significantly compared to no treatment (0.5 ± 0.3, p = 

0.002). There was also a trend toward reduction in collagen deposition with aqueous gel (6.0 ± 

7.0 %, p = 0.09). 

Inter-group comparisons demonstrated a significant improvement in cilial recovery with both 

acitretin doses compared to mometasone 0.1% (p < 0.05), and less collagen deposition in rabbits 

treated with aqueous gel compared to Silastic (p < 0.05). 
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Sections found to have clot overlying the mucosa, were examined to see if a correlation exists 

between clot, cilial recovery and the epithelium. Fifty sinus cavities were found to have small 

regions of clot overlying the mucosa. Two points under the clot and two points directly adjacent 

the clot (one from each side) were scored and compared for cilial and epithelial recovery. Mucosa 

directly underlying a clot was significantly likely to have a lower cilia score (p < 0.001) and have 

failure of epithelial recovery (p < 0.001, OR: 9.56) (Figure 7.7). 

 

Post-hoc analysis suggested that the mean deviation of cilial scores from normal was significantly 

worse in Silastic and mometasone furoate when compared to acitretin 0.25%, acitretin 0.5% and 

aqueous gel (p < 0.05). Lactoferrin and Silastic produced significantly more collagen in the lamina 

propria than all other groups (p < 0.05). Mometasone furoate had significantly less goblet cell 

recovery when compared to 0.5% acitretin, aqueous gel and lactoferrin (p < 0.05). 

 

 

Figure 7.2: (A) Healing mucosa treated with the carrier gel. (20x magnification) (B) Same rabbit, 
contralateral treated with 0.25% acitretin showing thicker epithelium, less mucosal thickness and complete 
brush border of cilia. (20x magnification) (C) Healing mucosa from a sinus cavity in which Silastic was 
placed. Note the thin epithelium with no cilial regeneration and high collagen deposition within the lamina 
propria. (20x magnification) (D) Rabbit treated with 0.1% mometasone furoate. Thin mucosa with no 
regeneration of epithelium. (E) Another 0.1% mometasone furoate treated rabbit. (8x magnification) Clot 
overlying mucosa. No regeneration of epithelia or cilia under clot. (20x magnification) (F) Unwounded, 
untreated, normal septal respiratory mucosa. (20x magnification) NB: Images are not to same scale. Stain: 
sirius red-light green. 
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Figure 7.3: Column graph depicting average group difference in cilial score between treatment and 
control. A positive value denotes an improvement in cilial recovery with treatment. Error bars represent 
the 95% confidence interval. 
 

Figure 7.4: Column graph depicting average group difference in percentage of tissue collagen between 
treatment and control. A negative value denotes a reduction in collagen with treatment. Error bars 
represent the 95% confidence interval. 
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Figure 7.5: Cross section through the medial wall of the maxillary sinus in a mometasone furoate treated 
rabbit. Mucosa to left of bone was exposed to corticosteroid and demonstrates poor cilial recovery 
(arrowheads) with loss of submucosal structures in the lamina propria. Mucosa to the right is in the nasal 
cavity and was unwounded. Magnification: 20x. Stain: sirius red-light green. 
 

 

 

Figure 7.6: Column graph depicting the average group difference in number of goblet cells (per 40x 
field) between treatment and control. A positive value denotes an improvement in goblet cell recovery 
with treatment. Error bars represent the 95% confidence interval. 
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Figure 7.7: Clot overlying mucosa. Regions A and D are mucosa uncovered by clot. Regions B and C are 
mucosa with clot overlying and demonstrate thin epithelium with occasional cilia. Regenerating mucosa 
beneath a clot was more likely to have a failure of epithelialisation and cilial recovery. p < 0.001. Stain: 
sirius red-light green. 
 

 

7.5 Discussion 

Mucosal wound healing is a complex and highly coordinated process, which is influenced by a 

number of host and environmental factors.218 A number of topical drugs and dressings have been 

investigated for their ability to enhance wound healing after FESS, but so far none have been 

shown to be consistently better than no treatment at all.219,220 This study has attempted to explore 

the relationships between a number of topical therapies and their histological effects on mucosal 

healing in the early postoperative period. Few studies of this type have used a number of 

treatments in the same wound-healing model. We hoped that by including a number of different 

treatments in this study protocol that the relative advantages and disadvantages of the treatments 

would be revealed. 

 

Retinoic acid is an active metabolite of vitamin A that has been widely used in dermatology for 

50 years. Topical tretinoin (all-trans retinoic acid) is clinically effective in a number of 

dermatological conditions including acne vulgaris and actinic keratoses.209 Tretinoin enhances 

collagen synthesis, epidermal proliferation and angiogenesis, which has been associated with 

improvements in scarring and wound healing.209,221,222 Retinoids may also reverse some of the 

inhibitory wound healing effects of corticosteroids by increasing the tensile strength of incisional 

wounds and hastening re-epithelialisation.222 Interestingly, many of the healing properties of 

retinoic acid may be conferred by pre-treatment before wounding.223  
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Recently, tretinoin gel has been shown to promote cilial regrowth after maxillary mucosal injury 

in rabbits.211-214 The results of this study using acitretin (also a retinoid) confirm the earlier 

published results, and together these data suggest that low dose topical retinoids improve cilial 

recovery and reduce collagen deposition in healing mucosa.  

 

Topically administered corticosteroids are accepted as one of the mainstays of treatment of 

patients with chronic sinusitis and are likely to play a crucial role in reducing tissue inflammation 

and up regulating the innate immune system.2,224-226 Meta-analyses have demonstrated significant 

benefit in reducing polyp size and recurrence with use of topical steroids.2 In a study of patients 

with CRS undergoing FESS, corticosteroids were found to improve endoscopic scores.227 

Similarly, mometasone furoate eluting implants following sinus surgery have been shown to 

improve sinus patency, reduce inflammation and minimise adhesions.228,229 In this study, rabbits 

with un-inflamed mucosa that were treated with mometasone furoate had impaired cilial recovery 

compared to both acitretin and the aqueous gel. The topical corticosteroid also increased the 

likelihood of re-epithelialisation failure and being subsequently left with denuded bone. 

Impairment of cutaneous wound healing after topical corticosteroid use has been extensively 

described.230-233 The negative effects of corticosteroids may, however, be quite different in the 

context of inflammation, where the anti-inflammatory action of corticosteroid may be helpful. 

 

Lactoferrin is an iron-binding protein, found in neutrophillic granules of various secretions from 

the eye, skin, mouth, nose, gastrointestinal and urogenital tracts, which has both antimicrobial and 

anti-inflammatory properties.102,234-236 The highly basic N-terminal region of lactoferrin can act 

directly on the lipopolysaccharides of bacterial walls and form peroxides, reducing membrane 

permeability and leading to lysis.237 The molecule’s potent iron-binding ability can also create a 

local iron deficiency that inhibits bacterial growth and biofilm formation.208,238 Lactoferrin has 

now been widely accepted as an integral part of our innate immunity and patients with CRS have 

been shown to decrease mRNA and protein expression of lactoferrin relative to controls.207,239 

This study suggests that lactoferrin did not impair wound healing and, for this reason, remains an 

exciting possibility in the context of bacterial biofilms, immune down regulation and 

inflammation. 

 

Silastic is generally accepted to be biologically inert and as such has been used extensively in 

surgery. The results of this study suggests that Silastic over healing mucosa may reduce cilial 

recovery and increase collagen deposition, particularly when compared with 0.5% acetretin gel. 

Perhaps the more rigid (than gel) structure of Silastic is damaging to the ultrastructure of cilia and 

creates a contact irritation that might induce further collagen synthesis in the lamina propria. 
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The results of this study also show that clot may impair cilial and epithelial recovery in the early 

postoperative period. Platelet aggregation is important for hemostasis as well as promotion of 

tissue repair, angiogenesis inflammation and the immune response to injury.240 However, the 

effect of blood clots on healing sinus mucosa has not been previously described. It is possible that 

dry clot in the sinus cavities after surgery may in turn cause desiccation of mucosa and act as a 

barrier to an air-tissue interface, which is necessary to develop cilia in primary cell cultures.241,242 

It may be for this reason that an aqueous gel has been found to have some effect on improving 

wound healing. These findings would support both early clot debridement and frequent, high 

volume nasal irrigation after surgery. 

 

In CRS, loss of epithelia and mucosal integrity may be caused by inflammation and infection 

(bacterial, fungal and /or viral). Rehabilitation of cilia, goblet cells, epithelia and collagen in the 

early postoperative period may be an integral part of preventing this process from perpetuating 

by strengthening the structural barriers and discouraging biofilms whilst preventing crusting, 

scarring and recalcitrant disease. The sinus microbiota is highly complex.79 Intramucosal bacteria 

are likely to have an interaction with the surface epithelia, which may ultimately lead to the 

migration of surface bacteria into the tissue. The need for simultaneous rehabilitation of injured 

tissue and dysbiotic microbial communities has added further complexity to the healing paradigm. 

 

This rabbit wound healing model has demonstrated that topical agents applied to healing mucosa 

in the early postoperative period can significantly affect mucosal recovery. The effect of the 

agents in these healthy animals may be different if administered to animals with CRS. 

Unfortunately, an animal CRS model, which has both a dysfunctional innate immune system and 

a dysbiotic microbial community, has not yet been developed. 

 

In this study, it has been possible to control for variation among individuals by comparing the 

differences between treatment and control effects in the same animal. Individual variations 

between patients undergoing FESS are likely to be greater and more difficult to control for than 

in these healthy rabbits. While this variation may limit the potential to tailor treatments to 

individuals, a mucosal sparing approach to surgery with good haemostasis, appropriate use of 

postoperative topical therapies, copious nasal irrigations and early postoperative debridement are 

general measures that are likely to facilitate mucosal rehabilitation. 
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7.6 Conclusion 

This study has demonstrated the histological effects of several topical agents in early mucosal 

wound healing.  

 

Low dose topical retinoids appear to improve a number of wound healing variables. Its potential 

for mucosal rehabilitation in CRS patients has yet to be determined. Topical mometasone and 

Silastic application produce poorer histological outcomes. 
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CHAPTER 8. GENERAL DISCUSSION AND CONCLUSIONS. 
 

8.1 Major findings 

The research described in this thesis has attempted to characterise the effects of perioperative 

treatment in patients with CRS on bacterial communities, wound healing and the postoperative 

physical environment. The key findings from this research were: 

 

1. Commensal microbial communities are implicated in the normal development of mucosa 

in mice. Mice without bacterial colonisation were found to have thinner mucosa, thinner 

epithelium and more collagen, fewer goblet cells, less nasal-associated lymphatic tissue 

and fewer cilia. 

 

2. The effects of short term doxycycline or prednisone on the intranasal microbial 

communities of patients with CRS are variable, unpredictable and not as pronounced as 

expected. The average relative abundance of Propionibacterium increased after treatment 

in the doxycycline treatment group, and Corynebacterium reduced in the prednisone 

group. Significant differences in clinical scores, bacterial community richness, diversity, 

and bacterial abundance were not seen after treatment. 

 

3. Xylitol, an inexpensive, safe and non-antibiotic antimicrobial agent has reliable activity 

against established biofilms (S. epidermidis), inhibits biofilm formation (S. aureus and P. 

aeruginosa) and reduces growth of planktonic bacteria (S. epidermidis, S. aureus and P. 

aeruginosa) in vitro.  

 

4. Anatomical changes following surgery are able to influence the physical characteristics of 

the sinus ecosystem and drug deposition. In particular, surgery was found to increase 

airflow to the paranasal sinuses, resulting in cooler and drier measurements at sinus ostia. 

In drug deposition simulations, a smaller 5 µm particle was found to more easily reach 

distant sinuses, but this was accompanied by a higher proportion of nasopharyngeal 

escape. 

 

5. Surgery and the subsequently altered postoperative environment are able to have a 

significant effect on microbial communities of the paranasal sinuses. Shifts in 

communities after surgery are unpredictable and largely reflect interpatient variability. 

Surgery was associated with increased bacterial richness. Although many taxa had 
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changes in average relative abundance and prevalence, Staphylococcus was the only 

dominant taxa to increase significantly in relative abundance. The role of minority taxa 

(such as Finegoldia) is difficult to characterise. Despite perioperative anti-Staphylococcus 

directed antibiotics, 78% of patients had increases in Staphylococcus burden three months 

after surgery. 

 

6. Topical therapies used following surgery are likely to have a significant effect on wound 

healing in the early postoperative period. Topical retinoic acid was able to improve cilial 

recovery and reduce collagen deposition in healing mucosa. Topical corticosteroids were 

more likely to reduce cilial and goblet cell recovery. Use of an aqueous gel improved cilial 

recovery more than no treatment and resulted in less collagen deposition in healing mucosa 

than Silastic. Furthermore, it was also found that blood clot directly overlying healing 

mucosa reduced cilial and epithelial recovery. 

 

 

8.2 Discussion 

The effects of medical therapies and surgery on the sinus environment are not well understood 

and the perioperative care of patients with CRS remains a challenge. This thesis highlights several 

key domains in which currently used medical and surgical therapies may be improved.  

 

8.2.1 Bacteria 

Oral antibiotic use in patients with CRS has been associated with reductions in endoscopy scores 

and some symptomatic improvements, however these effects have generally been found to be 

comparable to treatment with intranasal corticosteroids and do not translate to sustained 

improvement following cessation of therapy.1 This thesis has found increases in Staphylococcus 

following surgery, despite perioperative anti-Staphylococcus directed antibiotics.93 Perioperative 

antibiotic induced dysbiosis may have a further effect on healing and regenerating mucosal 

wounds. In this thesis it was found that in the absence of normal commensal bacterial 

communities, sinus mucosa did not appear to fully develop as an optimal environmental barrier.110 

 

The role of microbial dysbiosis in the aetiology and progression of inflammatory disease is not 

fully understood. Recently published data describing the effects of antibiotics, particularly in early 

childhood, are alarming. In New Zealand, childhood exposure to antibiotics is nearly universal by 

age 5.105 A database containing prescription information for 2010 of more than 70% of 

prescriptions in the United States revealed that on average children had received 3 antibiotic 

courses by age 2, 10 courses by age 10 and approximately 17 courses by age 20.243 Following a 
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short course of antibiotics, microbial communities may take around three months to recover with 

some species failing to recover after six months.85,244 It is possible that repeated infections in 

childhood aggressively treated with frequent antibiotics may lead to a persistent dysbiosis, 

increasing risk of chronic infections, allergy, obesity and neurodevelopmental conditions.91 

 

Bacteria exist in the paranasal sinuses in biofilms, subepithelial colonies and planktonic states. 

The pathophysiology of these bacterial states in inciting and perpetuating chronic inflammation 

is yet to be fully elucidated. In particular, the relationship between dysbiosis and bacterial stress 

responses has not been well described. Therapies that are able to target recalcitrant bacterial states 

(biofilms and subepithelial colonies) without having a deleterious effect on commensals or the 

microbiome of other body systems are more likely to successfully rehabilitate chronically 

inflamed mucosa without significant side effects. In chapter three of this thesis, the less than 

expected effect of doxycycline on the sinonasal microbiome may be partly attributable to bacteria 

living in antibiotic resistant states, such as biofilms. 

 

Using topical therapies to eradicate biofilms is attractive for managing patients with CRS. Various 

methods of topical disruption have been described including antibiotics added to sinonasal rinses, 

corticosteroid sprays, probiotics, surfactants, photodynamic therapy and ultrasound.113 The 

addition of a non-antibiotic anti-biofilm agent such as xylitol to sinonasal rinses improves on 

many of these therapies by being inexpensive, accessible, patient administered, well tolerated and 

safe for daily use. Most importantly, xylitol acts differently from classic antimicrobials and is 

generally able to bypass microbial resistance.245 The management of subepithelial colonies 

however, remains a considerable challenge. Besides sinonasal mucosa, subepithelial bacterial 

colonies have been observed in the middle ear in chronic otitis media, tonsils, adenoids, urinary 

cystitis and in inflammatory bowel disease.246-250 A common feature of all observations of 

subepithelial colonies is their relative resistance to antibiotic therapy. 

 

Across all body systems, an understanding of the role of microbes in health and disease is rapidly 

expanding. Clinical studies have correlated atopy and asthma with reductions in early childhood 

colonisation of respiratory and gastrointestinal tracts with diverse environmental microflora, 

which is thought to play a role in the development of a balanced, normo-responsive immune 

system.87,251-254 In a cohort of 184 infants, it was found that children whose parents pre-sucked a 

pacifier before giving it to the child were significantly more likely to have protection against the 

development of allergic disease.255 Further studies have suggested that infants born by vaginal 

delivery (as opposed to caesarean section) or children with exposure to household pets have 

greater protection against developing allergic disease.256-258 Urban households in which cockroach 
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and mouse allergens are high have been also found to be protective.259 Promising evidence is now 

emerging that manipulation of the enteric microbiome with probiotics in early childhood may 

assist in preventing the development of some childhood inflammatory diseases.91  

 

The rehabilitation of microbial communities in the paranasal sinuses represents a considerable 

challenge, particularly in adults. The work in this thesis suggests that therapies which aim to 

normalise microbial communities (which are more biodiverse in healthy volunteers),89,104 and 

reduce biofilms while strengthening the mucosal barrier (to limit subepithelial migration of 

invasive bacteria) may assist in promoting the successful restoration of functional mucosa. 

 

8.2.2 Healing 

Studies of wound healing after surgery have predominately investigated the effects of various 

packing materials on endoscopic outcomes such as adhesions, crusting, scaring, mucosal oedema, 

inflammation and cilia regeneration.1 This thesis has described healing in a non-inflammatory 

rabbit model.164 In this study, immobile structures overlying mucosa such as blood clot and 

Silastic were found to interfere with epithelial and cilial recovery or increase mucosal collagen 

deposition respectively. Interestingly, a simple aqueous gel appeared to improve cilial recovery 

and reduce collagen deposition when compared to no treatment.  

 

Studies from the cutaneous wound literature highlight the role of moisture in wound healing. The 

optimal availability of moisture is believed to have several mechanisms of improving wound 

healing including promoting the restoration of a cutaneous barrier by earlier differentiation of 

keratinocytes, regulating the partial pressure of oxygen, stimulation of angiogenesis and 

preservation of essential healing growth factors and proteinases.260-262 Excess moisture may lead 

to wound maceration and conversely, not enough moisture may desiccate the wound bed.263 In 

vitro, respiratory epithelial cell cultures are required to be grown on porous supports at an air-

liquid interface to achieve mucociliary differentiation.264 The findings of this thesis may reflect a 

role for low viscosity moisture replacement with early debridement of blood clots and mucus 

crusts in the early postoperative period, as immobile structures in contact with injured mucosa 

may be damaging to regenerating cilia. 

 

8.2.3 Endoscopic sinus surgery 

A consensus on the extent of surgery required to modify inflammatory states and improve long-

term outcomes for patients with CRS has not yet been reached. Since the introduction of the 

endoscope in the 1980s, the goals of surgery have been to improve ventilation and drainage of the 

paranasal sinuses, predominantly by enlarging natural ostia.265 Interestingly, a study using xenon 
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gas ventilation in sheep cadavers reported no significant differences in maxillary sinus ventilation 

between antrostomies three times the natural ostial size and antrostomies six times the natural 

ostial size.266 Similar animal models have suggested that a large antrostomy may be deleterious 

and lead to impaired mucociliary clearance or osteitis.267 Conversely, clinical data have suggested 

that the creation of a mega-antrostomy in patients with recalcitrant CRS is able to effectively 

reduce clinical symptoms, endoscopic scores, radiologic scores and the postoperative need for 

medical therapies.268,269  

 

The effects of surgery on the physical characteristics of the paranasal environment are yet to be 

convincingly described. This is largely due to difficulties in obtaining long-term in vivo 

measurements of parameters such as airflow, temperature, humidity, pH, blood flow, tissue 

oxygenation, changes in pressure and drug deposition. In this thesis, computational fluid 

dynamics have allowed for the estimation of some of these parameters and have suggested that 

improvements in drug deposition occur with an escalating extent of surgery.270 Reductions in 

temperature, humidity and increases in airflow are likely to have an effect on microbiota, healing 

tissue and viscoelasticity of mucus which may influence symptomatic outcomes.160-162,271 The 

extent of surgery performed, changes in the physical sinonasal environment and postoperative 

drug distribution are intimately linked and require considerably more investigation. 

 

 

8.3 Future directions 

8.3.1 Bacteria 

Several chapters in this thesis have sought to characterise the relationship between perioperative 

therapies and microbial communities. Although medical therapies and surgery were found to 

influence sinus microbiota, an understanding of the optimal approach to rehabilitate sinus cavities 

after surgery is not yet clear. 

 

A comparison of histologic differences between germ-free and pathogen-free mice suggested that 

normal, commensal bacterial communities may have a role in the development of healthy mucosa. 

Further investigations of the effects of dysbiosis using similar animal models could enhance our 

understanding considerably. A previous study of the germ-free mouse alimentary system found 

that the addition of low level antibiotics to the diet of a normal pathogen-free mouse could induce 

some morphological changes in the intestine similar to that of the germ-free animal.65 Similarly 

in the paranasal sinuses, a comparison of pathogen-free mice with depleted microbiota following 

extended antibiotic therapy with germ-free and normal pathogen-free mice may help to further 

understand the impact of antibiotics on mucosal tissue development in early childhood. A similar 
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study in larger animals such as rabbits, could be performed following mucosal injury and ostial 

obstruction which may allow for the comparison of inflammation and healing in the context of 

antibiotic induced dysbiosis. Clinical studies correlating antibiotic prescriptions in the first three 

decades of life and subsequent development of chronic inflammatory disease may also assist in 

describing the effects of iatrogenic dysbiosis.42 A greater understanding of the impact of dysbiosis 

in chronic inflammatory disease may lead to a withdrawal of antibiotic use in routine perioperative 

care. 

 

Xylitol has shown considerable promise for the topical management of biofilms in otolaryngology 

and oral health.119,120,122-124,126,272 Future studies aimed to understand the effects on the 

microbiome and innate immunity could assist in further evaluation of topical non-antibiotic 

antimicrobials for the potential to rehabilitate commensal bacterial communities. A clear 

understanding of how xylitol is effective as an antimicrobial is not yet known, although there is 

some evidence suggesting that xylitol is able to downregulate bacterial genes (such as those 

involved in capsule formation) and inhibit bacterial adhesion to cell tissues.245 Xylitol is also able 

to draw moisture into the airway acting as a humectant and moisturiser, which may be more 

effective than saline for promoting wound healing in the postoperative period.273,274 Further 

studies describing the postoperative effects of xylitol are greatly needed. It has recently suggested 

that erythritol, another polyol, may be more efficacious than xylitol in maintaining and improving 

oral health endpoints, which may warrant further investigation in the paranasal sinuses.275 

 

Considerable de-escalation in the cost of performing next generation sequencing to determining 

the composition of the microbiome has led to an explosion of experimental data. However, the 

role of the human microbiome in health and disease needs considerably more research and 

understanding before causality can be confidently established. Complex microbiome data can be 

difficult to interpret and current methods do not always produce comparable results between 

centres. It has been suggested that experiments should be designed to: detect microbiome 

differences that can be interpreted; differentiate between causation and correlation; define the 

actions of the microbiome; correlate between experimental data and reality; and critically appraise 

other contributors of variation to the microbiome.276 Large, well designed studies which consider 

the effects of factors such as diet, medication use, environment, age, immunology and genetics 

are be needed to reduce the likelihood of producing type I and II errors.  

 

8.3.2 Healing 

A greater understanding of mucosal healing in the context of chronic inflammation and microbial 

dysbiosis is needed. This thesis has shown that empirically used therapies, for which the effects 
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are not well understood, can have unintended consequences. Chapter seven discussed the 

therapeutic potential of topical agents such as retinoic acid and simple aqueous gels. These agents, 

along with xylitol, warrant further investigation in human studies to understand potential roles in 

improving the epithelial barrier in healing wounds, reducing postoperative blood clot and mucus 

crusting, rehabilitating bacterial communities, reducing inflammation and reducing reliance on 

antibiotics. The effects of these agents need to be compared to the healing effect of topical 

corticosteroids, which are still not well understood within the context of restoration of mucosal 

function and rehabilitation in patients with CRS. 

 

Further studies exploring the effect of agents which moisturise mucosa (e.g. glycerol277 and 

hyaluronic acid278), have mucolytic properties (e.g. heparin279,280, deoxynuclease I281,282 and N-

acetylcysteine281,283), regulate epithelial integrity284-286, improve function of cilia287,288 and 

increase microbial diversity289,290 may also help to understand healing in CRS and drive 

development of more targeted topical therapies. 

 

8.3.3 Endoscopic sinus surgery 

Chapter five of this thesis investigated the effect of surgery on the paranasal sinus environment 

and drug deposition. Ideally, changes in the physical sinonasal environment after surgery 

described in the virtual models would be demonstrated in vivo. Unfortunately, the direct 

measurement of environmental parameters is technically challenging and likely to be considerably 

invasive. Replication of the study described in this thesis with more patients may continue to 

improve our understanding of the effects of surgery with greater resolution. Comparisons of more 

subjects will allow for a further analysis of the effects of anatomical variations between 

individuals and differences between procedures. Further studies could be performed to compare 

the geometries of patients with successful postoperative outcomes and patients who have 

developed recalcitrant disease requiring revision surgery. 

 

Similarly, a greater number of virtual models would also assist in optimising postoperative drug 

deposition across subjects. Virtual models can be three-dimensionally printed allowing for the 

testing of drug distribution in physical models and confirming validity of computerised 

simulations. Finally, measurements of in vivo drug distribution (using high-performance liquid 

chromatography, endoscopic distribution analysis or imaging of radiopaque particles) is likely to 

enhance the prescribing of currently available commercial drug delivery devices and the 

development of more novel optimised drug delivery techniques. 
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8.4 Conclusion 

Chronic rhinosinusitis is a cause of significant morbidity and healthcare expenditure, particularly 

in developed nations. This thesis furthers our current understanding of several key interactions 

between medical therapies, endoscopic sinus surgery and bacterial communities. A better 

understanding of the effects of medical therapies and surgery on the paranasal sinus ecosystem 

may assist in developing more targeted interventions that promote rehabilitation of the 

postoperative sinuses, reduce incidence of recalcitrant disease and reduce the current dependency 

on oral antibiotics. 
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