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AABBSSTTRRAACCTT  

  

BACTERIAL-FUNGAL BIOFILMS IN CHRONIC RHINOSINUSITIS 

 

Chronic Rhinosinusitis (CRS) is a recalcitrant disease, characterized by headache, nasal 

discharge / blockage, which substantially impairs daily functioning and negatively affect 

quality of life. Endoscopic Sinus Surgery (ESS) is an important treatment option for CRS, 

but has variable success rates. Biofilms are well organised heterogeneous communities of 

microbes embedded in a mosaic of extracellular matrix, adherent to biotic / abiotic 

surfaces.  As they are resistant to host defences and medical treatments, they have been 

touted as possible pathogenic factors in CRS, which may perpetuate the recurrent and 

recalcitrant character of the disease and negatively affect treatment outcomes.  

This thesis encompasses research undertaken to enhance our understanding about the 

effect that presence and types of biofilms have on the clinical profile and treatment 

outcomes of patients suffering with chronic rhinosinusitis.  An in-vitro model of fungal 

biofilms and a potential tool to assay in-vivo mucosal biofilms on sinonasal tissues has 

also been described.  

Chapter 1 of the thesis comprehensively reviews the scientific literature pertaining to 

biofilms and CRS, and exhaustively evaluates the evidence present in relation to bacterial 

and fungal biofilms in CRS.  

Chapter 2 describes a study to investigate the effect of biofilms on outcomes following 

ESS in CRS patients using internationally accepted standardised symptom scores, 

quality of life measures and endoscopy scores to assess the disease. It showed that 

patients with biofilms presented with more severe disease before surgery, and after 

surgery had persistent symptoms, ongoing mucosal inflammation and infections 

necessitating extra post-operative visits and multiple antibiotic treatments. This study 

thus strengthened the evidence for the role that biofilms may play in recalcitrant CRS. 

Chapter 3 describes a further subgroup analysis of the above patients in whom the 

specific organisms forming the biofilms were identified and how patients with specific 

biofilm types progressed after surgery was studied. Patients with polymicrobial biofilms 

suffered more severe disease and had worse post-surgery mucosal outcomes requiring 

more post–operative visits. S.aureus biofilms played a dominant role in negatively 

affecting outcomes of ESS with persisting post-operative symptoms, ongoing mucosal 

inflammation and infections. 
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Chapter 4 describes an in-vitro model characterizing A. fumigatus biofilm formation on 

primary human sinonasal epithelium cultures under different growth conditions. 3-

dimensional biofilm structures with parallel-packed and cross-linked hyphae, 

channels/passages, extracellular matrix (ECM) encasing the hyphae, were formed.  

Biofilms formed under flow conditions displayed more robust and faster growth kinetics as 

compared to those under static conditions, with extensive ECM production. 

Chapter 5 investigates application of an analysis program ‘COMSTAT 2’ for assaying & 

quantitatively describing the 3-dimensional in-vivo biofilm structures observed via 

confocal scanning microscopy on sino-nasal mucosal samples. This can be used for 

temporal analysis of biofilm development, comparison of different types of biofilms 

formed under controlled conditions, analysis of influence of varying environmental 

factors on biofilms and the efficacy of different antibiofilm treatments. 

Chapter 6 summarises and discusses the salient features of the studies included in this 

thesis which has attempted to characterize fungal and bacterial biofilms and the impact 

they may have in CRS patients. 
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1.1 CHRONIC RHINOSINUSITIS 

1.1.1 REASEARCH DEFINITION 

   

Rhinosinusitis has been accepted by rhinologists, immunologists, pulmonary physicians, 

general practitioners across the world to describe the heterogenous group of disorders 

characterized by inflammation of the sinus and nasal mucosa. Based on the duration of the 

disease it is classified as acute or chronic, with chronic rhinosinusitis (CRS) diagnosed 

when symptoms fail to resolve for more than 12 weeks. A European evidence based paper 

on rhinosinusitis [1] has defined CRS with or without nasal polyposis as presence of two or 

more symptoms, one of which is nasal blockage/obstruction/congestion or nasal discharge 

(anterior/posterior nasal drip); ± facial pain/pressure; ±reduction or loss of smell for > 12 

weeks with validation by telephone or interview. As per the American rhinosinusitis 

consensus research definitions and guidelines for CRS [2] described in Table 1, objective 

documentation of the disease via nasendoscopy and radiology is required along with the 

presence of symptoms for more than 12 weeks. CRS can be further subclassified on the 

basis of presence or absence of nasal polyps on nasendoscopy into CRS with nasal polyps 

(CRSwNP) and CRS without nasal polyps (CRSsNP). 

Table 1:RESEARCH DEFINITIONS AND GUIDELINES FOR CRS 

 European Position Paper on 
Rhinosinusitis[1] 

American rhinosinusitis consensus 
research definitions[2] 

Pattern of 
disease 

Symptoms > 12 weeks, without complete resolution Symptoms > 12 weeks 

Symptoms 
≥ 2 symptoms, one of which should be –  
Nasal Blockage / obstruction / congestion 
Or 
Nasal discharge (anterior / posterior nasal drip): 

± facial pain/ pressure 
± anosmia / hyposmia 

Requires ≥ 2 of the following symptoms 

 Anterior  &/or Posterior mucopurulent 
discharge 

  Nasal Obstruction 

 Facial pain-pressure-fullness 

 Decreased sense of smell 

Objective 
documentation 

  Anterior Rhinoscopy / Nasal Endoscopy 
o Discolored mucus 
o Edema of middle meatus / ethmoid area 
o ± nasal polyps 

 Radiology – Evidence on CT scan 
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1.1.2 EPIDEMIOLOGY 

 Though CRS is being increasingly recognised as a widespread disease cluster across the 

continents, the heterogenous spectrum of the disease and the diagnostic variability seen in 

various surveys and publications has made it difficult to provide precise epidemiologic 

data regarding the condition. As per a National Health Survey conducted in 2004 by the 

Australian Bureau of Statistics, chronic sinusitis was reported to affect more than 16% of 

the Australian population. In another survey of physicians and patients, physician-

diagnosed rhinosinusitis was reported by over 10% of the population in Europe, Japan, and 

the USA [3]. A comparitive study of prevalence of the disease in 2 ORL clinics across the 

Atlantic has shown similar prevalence rates of approximately 9%[4]. Patient based surveys 

of the US population have shown that CRS affects 16% of the adult US population[5], 

making it the second most prevalent among all chronic conditions[6]. Prevalence rate of 

CRS has been shown to be substantially higher in females with a female to male ratio of 

approximately  6:4 [6, 7] being reported from different population groups. Canadian data 

also shows that prevalence increased with age, and plateaued after 60 yrs of age[7].      

More data from the US has indicated that the annual economic burden of rhinosinusitis is 

on the rise and has recently been estimated at $6 billion[8].  Patients with CRS have been 

shown to have twice more visits to a general practise and more than 5 times pharmacy 

scripts filled as compared to a patient without CRS[9]. The majority of the economic cost 

related to CRS is a direct result of medical expenditures, but indirect costs including work 

absence and disability are significant too. It is known to cause significant physical 

symptoms, negatively affect quality of life and can substantially impair daily functioning. 

In comparison to other chronic conditions like congestive heart failure, angina, COPD and 

back pain, patients with CRS have significantly poorer pain and social functioning 

scores[10].  
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1.1.3 AETIOPATHOGENESIS  

Various intrinsic factors like ciliary impairement[1] (cystic fibrosis[11], Kartagner‟s 

Syndrome, primary ciliary dyskinesia-), allergy [12], asthma [13], aspirin sensitivity [14], 

immune dysfunction [15], nasal anatomical variations (concha bullosa, deviated nasal 

septum etc.), gastroesophageal reflux[16] and extrinsic factors like micro-organisms 

(bacteria,viruses, fungi), osteitis[17], cigarette smoking[7] have been touted as possible 

etiologic points of interest in the multifactorial causation for CRS.  Bacterial superantigens 

and biofilm forms have recently been added as the possible mechanisms via which the 

microbial community participates in the pathogenesis of CRS.  This thesis aims to better 

understand and characterise the role that microbial biofilms may play in perpetuating the 

sinonasal mucosal inflammation associated with CRS.  

1.1.4 TREATMENTS  AND OUTCOMES 

Despite the multiple causes attributed towards the aetiopathogenesis of chronic 

rhinosinusitus, currently there is a singular management approach practised worldwide i.e 

initial medical management, followed by surgical intervention after maximal medical 

treatment [18-20].  Medical management options range from antimicrobials, nasal lavage, 

corticosteroids, antihistamines. However there is little agreement regarding a standardised 

universal medical therapy. Various types of antibiotics via topical or systemic routes have 

been trialled in the past. Different studies applying varied inclusion criteria, different 

antimicrobials with different durations of therapy, and using various outcome measures of 

success have reported 50-80% success rates after antibiotic treatments. Although β-lactam 

group of antibiotics has been conventionally used, macrolide antibiotics have now been 

shown to have immunomodulatory actions along with the antibacterial action [21-23].  
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Evidence from randomized controlled trials investigating nasal saline irrigation to control 

symptoms of CRS has been compiled in a systematic review by the cochrane collaboration 

[24] and it has recommended saline lavage as a beneficial treatment for the symptoms of 

chronic rhinosinusitis. Corticosteroids have been used intranasally and systemically for 

their anti-inflammatory action on the sino-nasal tissues. Once again good quality evidence 

from RCT and controlled trials [25-27] exists supporting their use across the wide 

spectrum of patients with CRS.  

Over the years many studies have supported the use of ESS in CRS [28] by showing 

improvement in patient symptoms, quality of life, and endoscopic examination. But 

majority of them have represented level 4 or 5 evidence [29]. Despite 20 years of progress 

in sino-nasal anatomy knowledge, imaging modalities, surgical techniques and 

instrumentation for ESS, it is accepted that it will not cure all CRS patients. As early as 

1990 a study  reporting results of ESS on 165 patients for a variety of different indications, 

showed that 50-87% of the patients in different subgroups described subjective 

improvement after a mean follow-up of 10 months, with CRSwNP patients describing the 

most symptomatic improvement [30]. However 37% of the operated sides  showed poor 

objective result on post-operative endoscopy.   In 1992 Kennedy [31] analysed data from 

120 patients undergoing ESS for improvements in subjective outcomes via symptom-based 

questionnaires and objective outcomes such as CT scans and endoscopy scores. Although 

97% reported improvement in symptoms after an average follow-up of 18 months, the 

majority of patients  showed persistent evidence of disease on endoscopy.  
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1.2 BIOFILMS 

1.2.1 BIOFILM DISCOVERY 

Biofilm like morphology has been identified in fossils from sedimentary rock and 

volcanogenic deposits indicating that this form of growth is a very old evolutionary 

adaptation present in the microbial world [32, 33]. The „animaliculi‟ or „tooth worm‟ that 

Anton Van Leeuwenhoek first described in his dental scrapings was possibly the first 

evidence of biofilm in human disease [34]. It was only in 1970s, when with the advent of 

the electron microscope, the slime layer found in various water treatment plants was found 

to be composed of microbial organisms, surrounded by a matrix [35, 36]. Based on further 

work with dental plaques and environmental water systems, the concept of biofilms was 

put forth aiming to explain the mechanisms and possible benefits of this microscopic 

ecologic system [37]. 

1.2.2 BIOFILM MORPHOLOGY AND PHYSIOLOGY 

Biofilms have been defined as „a microbially derived sessile community, characterized by 

cells that are irreversibly attached to a substratum or interface or to each other, are 

embedded in a matrix of self produced extracellular polymeric substances, and exhibit an 

altered phenotype in terms of growth rate and genotype‟[38]. With advances in scientific 

research and technology over the past 40 years, the definition of a biofilm has evolved 

from a structural description of assemblage of microbes enclosed in a polymeric matrix 

[39, 40], to encompass both structural and physiological features of microbes within this 

ecosystem.  

The biofilm is basically composed of organised communities of microbes in a mosaic of 

extracellular polymeric substance, and is attached to a biotic or abiotic surface [41, 42]. 
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The exopolysaccharide (EPS) matrix forms 85-90% of the biofilm [41-43] and is 

composed mainly of polysaccharides, protein, some nucleic acids and occasional dead 

microbial populations [42, 44-47]. The EPS expresses varying physiochemical features 

which protect the microbes contained in the biofilm. It also contains channels penetrating 

and separating the microbial communities that help in water, nutrients, and waste 

exchange. The microbes within the biofilms are clustered into functionally heterogeneous 

communities which display co-ordinated specialized phenotypes in different regions within 

the biofilm [48-50]. The localized specialization is seen as a varied expression of surface 

molecules, nutrient utilization, virulence factors, antibiotic resistance and division potential 

between different microbial communities within this micro-ecosystem of biofilms [51-55]. 

Intercellular communication via chemical secretions into surrounding EPS and channels 

ensures the synchronised existence of these microbes in the biofilm form that in turn 

enables them to survive under hostile conditions.  

Biofilm formation is a staged process [50, 56, 57] with biofilm formation being initiated 

when few free floating planktonic microbes attach to a biotic or an abiotic surface. As a 

critical microbial density is reached, the process of „quorum sensing‟ [58, 59] is initiated 

by which neighbouring microbes communicate by means of an altered genotype and a 

cascade of protein expression which begins defining the biofilm phenotype. The microbes 

then are seen to tightly adhere to the surface as small clusters of micro-colonies, which 

multiply and organise into layers or towers with intervening channels for exchange of 

water, nutrients and waste between the external environment and the biofilm microbes. It 

leads to the formation of a micro-ecosystem, with functionally heterogeneous microbial 

communities within the biofilm, bound by the exopolysaccharide matrix. Finally under the 

influence of altered environmental conditions such as shear forces, altered oxygen 

concentration, single to clusters of few cells detach from the biofilm mass and embolize to 

start the staged process of biofilm formation at a new site.     
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Biofilms do not have a singular common structure and formation of the heterogeneous 

biofilm ecosystem has been shown to be influenced by environmental factors like chemical 

composition of the substratum [60-62], available oxygen and nutrients [63-68], osmolarity 

[69], shear stresses [70, 71], and the host responses [48]. It has thus been suggested that 

biofilms forming on biotic surfaces like mucosa will differ phenotypically and 

genotypically from biofilm formed on inert surfaces like sewage/water pipes, indwelling 

medical devices or in-vitro conditions. The Centre for Genomic Sciences has coined the 

term „mucosal biofilms‟ to describe biofilm structures identified on mucosal surfaces [72]. 

The host cellular and molecular components possibly contribute to the EPS and modulate 

the micro-environments of these mucosal biofilms via their immune systems [48].  

1.2.3 BIOFILMS AND HUMAN DISEASES  

Biofilms were first implicated in human diseases when they were identified in dental 

plaques by researchers at the Forsyth Dental Centre, Boston. [73]. Since then biofilms have 

been implicated in numerous infectious processes, such as cystic fibrosis pneumonia, 

endocarditis, chronic prostatitis, chronic cystitis, kidney stones, osteomyelitis, and 

periodontal disease [42].  Centre for Disease control and Prevention estimates that at least 

65% of all human bacterial infectious processes involve biofilms [73]. Biofilms have been 

identified on medical devices like urinary catheters, venous and arterial catheters, contact 

lenses, artificial heart valves, pacemakers, orthopaedic prosthesis which once infected have 

to be removed or replaced as they are not amenable to resolution via conventional 

antimicrobials. The antibiotic treatments might kill the planktonic microbes shed into 

circulation from the biofilm, but the mother biofilms survive and form a nidus of infection 

to continue the systemic infection by sloughing off planktonic micro-organisms. 

Bacteria in biofilm form are 1000 times less susceptible to antibiotic treatments when 

compared to their planktonic counterparts [74, 75] and multiple different mechanisms have 
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been put forward for the resistance of different bacteria towards various antibiotics. 

Biofilm bacteria have been shown to be metabolically slow and some of them have the 

ability to enter into a dormant (non-dividing) state that further reduces their susceptibility 

to certain antimicrobials. The antimicrobials acting on specific metabolic pathways or 

dividing bacteria will thus be ineffective on such „persister cells‟ that are mostly present in 

the central core of the biofilm.[76-78]. It was earlier proposed that the extra-cellular matrix 

of the biofilm acted as a physical barrier impermeable to antibiotics. Now it is known to 

retard the rate of penetration of the antimicrobials, to give time for induction of gene 

expression in the biofilm that may mediate resistance to them [79]. The antibiotics may 

also be deactivated by binding with antibiotic-degrading enzymes [53] or as a consequence 

of the charge affinity with the EPS polymers [80]. There is also evidence suggesting that 

the transmembrane channels may be down regulated in the biofilms resulting in a 

phenotype less responsive to therapeutic concentrations of the antibiotics. Additional 

expressions of mutidrug efflux pumps within the biofilms further enhance their resistance 

to antimicrobials [81-84]. The biofilm ecosystem also favours adaptive mutations via 

plasmid transfers between microbes [38, 85-87]. They are also impermeable to antiseptics 

like hypochlorite [88] and sterilizing procedures like ultraviolet degradation [89] The 

above mechanisms help the bacteria form a persisting nidus of infection in host tissue 

protected from the host immune system and antibiotic regimes, leading to a chronic disease 

state with intermittent infections. 

Formation of biofilms also appears to be a protective mechanism for the micro-organisms 

against the host immune system. Biofilm bacteria may not be vulnerable to phagocytosis 

by host immune cells as microscopy of clinical specimens has shown antibodies and 

inflammatory cells only surrounding biofilm communities and not penetrating them to 

reach the microbes [90, 91]. Some studies have shown the presence of leukocytes within 

the channels of the ECM, but with an un-stimulated morphology evidenced by lack of 
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motility, decreased oxidative potential or absent phagocytised cellular elements [92, 93]. 

Similar interaction has been seen between antibodies and biofilm aggregates with IgG 

observed bound to the periphery of the biofilms, and failing to penetrate the ECM and 

failing to eliminate the microbes via opsonisation [94, 95]. Though the immune system is 

ineffective against the biofilm, it causes collateral damage to surrounding host tissue 

leading to an inflammatory process which in turn possibly leads to disease causation. The 

presence of such an overt pathological inflammatory response differentiates colonization 

(microbial adherence or presence in asymptomatic hosts) from biofilm infections. 

The bacteria within the biofilm form are difficult to culture and identify using the currently 

available clinical tests, and require specialised microscopy to detect them. Conventional 

microbiology techniques applied to suspect biofilm-specimens give negative results hinting 

at an absence of infectious pathologies, despite persistent signs and symptoms. This 

complexity in identifying biofilms in-vivo has led to the development of specific criteria 

for diagnosing biofilm infections in clinical specimens [96-98] which has been outlined in 

Table 2: 

Table 2 

Diagnostic criteria for biofilm infections 

1. Pathogenic bacteria are associated with a surface. 

2. Direct examination of infected tissue demonstrates aggregated cells in cell clusters 
encased in a matrix, which maybe of bacterial and host origin. 

3. Infection is confined to a particular site in the host. 

4. Recalcitrant to antibiotic treatment despite demonstrated susceptibility to planktonic 
bacteria. 

5. Culture-negative results in spite of clinically documented high suspicion of infection. 

6. Ineffective host clearance evidenced by the location of bacterial cell clusters in discrete 
areas in the host tissue associated with host inflammatory cells. 
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1.2.4 BIOFILMS IN OTOLARYNGOLOGY 

Evidence of association of biofilms in various otolaryngology infections has existed for 

more than a decade  [72, 99-103]. Using haemophilus influenzae biofilms in a chinchilla 

model of otitis media, Ehrlich and colleagues [56] described 5 stages in the formation of a 

mucosal biofilm, which is particularly representative of the biofilms  seen on ciliated 

respiratory epithelium found lining the regions of the upper respiratory tract where 

biofilms have been identified.  

Otitis Media with Effusion (OME) is being now increasingly recognised as a biofilm 

mediated disease with extensive evidence being present using both human and animal 

tissue [56, 104-110]. Presence of biofilms has also been seen in experimental and human 

cholesteatoma [111, 112], animal models of chronic suppurative otitis media (CSOM) 

[113],  middle ear mucosal biopsies from patients of chronic otitis media undergoing 

tympanomastoid surgery [114, 115], and a patient with temporal bone osteoradionecrosis. 

Biofilms have now been described on a variety of indwelling otologic devices like cochlear 

implants in-vitro models [116, 117], cochlear implants removed as a result of device 

failure [118] or infection [119-124], ossicle reconstruction prosthesis removed at revision 

surgery [125], and tympanostomy tubes [126-136]. The chronicity and recurrent nature of 

tonsillitis is now being explained on the evidence of biofilms found on the surface and 

crypts of tonsils [137-140] and the pediatric nasopharynx [141]. Studies have found 

biofilms to completely cover adenoid tissue removed from children with CRS [142, 143] or 

OME [144, 145]. There are also reports of biofilms on voice prostheses [146-148] and 

tracheostomy tubes[149-152].  
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Over the past 7 years, mounting evidence has been presented to implicate biofilms in 

propogating the recalcitrant and chronic nature of Chronic Rhinosinusitis [62, 98, 153-

160].  It has been suggested that CRS shows features similar to other biofilm mediated 

diseases i.e. a chronic course characterised by acute exacerbations, un-resolved by host 

defense mechanisms and resistant to antibiotic therapies. 



Chapter 1                                                                                                                             1.3 Bacterial Biofilms & CRS     

 - 13 - 

 

1.3 BACTERIAL BIOFILMS IN CRS 

1.3.1 EVIDENCE OF BACTERIAL BIOFILMS IN CRS 

The first evidence of presence of biofilms on the sino-nasal mucosa was put forward by 

Cryer and colleagues in 2004 [161].  They used scanning electron microscopy (SEM) to 

evaluate biopsy specimens from 16 patients with continuing symptoms of chronic sinusitis, 

despite medical and surgical management. A near-total surface coverage of four mucosal 

specimens with a coating thicker than the normal mucociliary blanket made the authors 

conclude that this morphologically resembled ECM and hence possible biofilm presence in 

these patients. Structures resembling rod-shaped bacteria were seen in one of these four 

specimens and intra-operative cultures of sinus secretions yielded P.aeruginosa.  

 Later that year they described biofilm presence in all of the silicone frontal sinus stents 

removed from 6 patients 1 to 4 weeks after surgery, using SEM [162]. Five of these 

patients had sinus cultures positive for Stapylooccus aureus and one had Pseudomonas 

aeruginosa cultured. Further in vitro cultures of Pseudomonas on sialistic sheets, similar to 

those used in stents showed multiple structures with three-dimensional features, extra-

cellular material and intercellular communications. The 3-dimensional structures on the in-

vivo stents and in-vitro sheets appeared as pods of multiple smaller organisms. These 

findings were subsequently replicated in an animal model of sinusitis to demonstrate 

biofilms [163]. Pseudomonas aeruginosa biofilms were grown in the maxillary sinuses of 

22 rabbits and the tissues were examined using SEM and light microscopy.  Sheets and 

pods of multiple small organisms were detected with evidence of intercellular connections, 

extracellular ECM formation, water channels and destruction of surrounding cilia. The 

rabbit model was proposed to serve as a means to study various treatment options to 

eliminate biofilms.  
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Ramadan and colleagues examined ethmoid and maxillary mucosal biopsy specimens from 

5 patients using SEM [164]. All showed evidence of biofilms with bacterial appearance 

similar to that of Staphylococcal species, along with denudation of ciliated epithelium and 

loss of goblet cells.  Sanclament and colleagues took this pilot study a step further by 

searching for presence of biofilms in 30 patients  with CRS undergoing ESS as compared 

to 4 control patients without CRS [165]. Using SEM morphologic criteria, and comparing 

them with „hundreds of biofilm images‟, they concluded that 24 patients showed biofilm 

presence while none of the controls showed evidence of biofilm or inflammation. However 

their work also highlighted the limitations of SEM which was inadequate in identifying 

bacteria within the biofilm, and a further confirmation via transmission electron 

microscopy (TEM) was required.  

Ferguson and colleagues reviewed  4 cases of CRS for the presence of biofilms using TEM 

[166]. In 2 of those 4 patients bacterial communities surrounded by a glycocalyx were seen 

above the mucosal surface and within layers of amorphous material overlying the mucosa. 

Cultured material from these 2 patients grew P.aeruginosa, and those agar colonies did not 

show any clumping of bacteria or glycocalyx haze surrounding them visible on TEM. This 

highlighted the fact that biofilm bacteria from tissues does not grow in the biofilm form on 

in-vitro agar cultures. Both patients symptoms were refractory to culture-directed 

antibiotics and it was thus concluded that biofilms were the possible cause of CRS 

refractory to antibiotics. 

Ha and colleagues [167] have developed an animal model using sheep to study  biofilms in 

rhinosinusitis. They standardised a technique for experimentally developing and 

identifying Staphylococcus aureus biofilms in the frontal sinuses of the sheep, which could 

be applied for further study of biofilms in the pathogenesis of CRS and novel treatment 

modalities. Psaltis and colleagues [168] applied the above standardised technique of 
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identifying bacterial biofilms via Confocal Scanning Laser Microscopy (CSLM) along 

with BacLight LIVE/DEAD kit for investigating biofilm presence in CRS patients. They 

prospectively analysed mucosal biopsy specimens from 38 CRS patients and 9 control 

patients undergoing ESS and detected biofilms in 17 (44%) of the 38 patients, but not in 

any of the controls. They thus put forward further evidence of existence of biofilms on the 

sino-nasal mucosa, and proposed that biofilms had a role to play in the pathogenesis of 

CRS. They also found that biofilms were detected in a higher number of patients who were 

undergoing revision endoscopic sinus procedures indicating that patients with biofilms 

possibly had a recalcitrant pattern of CRS disease.  

Woodworth and colleagues [169] developed an in-vitro model of Pseudomonas aeruginosa 

biofilms on viable airway epithelial cell monolayer. Mouse nasal septal epithelium was 

cultured on air-liquid interfaces and incubated with biofilm forming strains of 

Pseudomonas aeruginosa under stationary horizontal and angulated positions, and in a 

tilting shaker. Confocal microscopy and scanning electron microscopy showed tower like 

biofilm formation in the inoculated wells supported by a viable airway epithelial cell 

surface monolayer. They have recommended the model as a reliable method for trialling 

novel treatment approaches for bacterial biofilm associated CRS. Dworniczek and 

colleagues [170] also demonstrated biofilms structures on 7 of 15 patients‟ mucosal 

specimens collected at time of sinus surgery and examining them using SEM and TEM.  

1.3.2 DETECTION MODALITIES FOR MUCOSAL BIOFILMS 

Mucosal biofilms have not only been identified on surgical biopsy specimens and in-

dwelling devices, but have also been experimentally grown in-vivo in animal models, and 

in-vitro under controlled laboratory conditions. Since the microbial biofilm communities 

are not identifiable by the conventional microbiology culture-stain-microscopic methods, a 
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variety of specialized imaging techniques have been applied to visualize them including 

Scanning Electron Microscopy, Transmission Electron Microscopy, Confocal Scanning 

Laser Microscopy .  

Ha and colleagues [167] analysed the three methods used to identify mucosal biofilms in 

the sheep model of biofilms in rhinosinusitis and concluded that CSLM was the most 

objective technique. CSLM permitted three-dimensional visualisation of biofilm structures 

on the sinonasal mucosa as compared to TEM which permits only a two-dimensional 

visualisation of the biofilms [165, 166]. They found that unlike SEM, CSLM it does not 

involve tissue preparing processes which dehydrate the ECM, distort the 3-dimensional 

configuration of the biofilms, reduce the biofilm size and possibly not detect very small 

biofilm communities. Tissue orientation was not a factor affecting imaging of the biofilms 

via CSLM, as unlike SEM it is not limited to imaging surface of the tissue and can identify 

biofilm structures which may be deeply embedded or growing between and within the 

tissues.  False positive results from artefacts seen on SEM or TEM [165, 167] arising as a 

result of the dehydration, mucus and protein cross linking are also not seen in CSLM 

because the fluorescent stains used with CSLM are nucleic acid specific for cellular 

structures.  

Confocal scanning laser microscopy can be used with nonspecific fluorescent stains like 

the Baclight stain [167, 168, 171] which bind to nucleic acids and thus stain both epithelial 

and microbial cells. However it does not provide for the identification of specific bacterial 

species forming the biofilms. For that purpose CSLM can also be used with specific 

Fluorescent in-situ hybridisation (FISH) probes for different bacterial species or fungal 

elements. Sanderson and colleagues [172] applied specific DNA probes for four common 

CRS bacterial pathogens - Streptococcus pneumoniae, Staphylococcus aureus, 

Haemophilus influenzae, and Pseudomonas aeruginosa to identify specific types of 
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bacteria forming biofilms on the sinus mucosa of 18 patients with CRS and 5 control 

patients using FISH (Fluorescent-In-Situ-Hybridisation) techniques. They identified 

biofilms in 14 of 18 CRS samples, with H.influenzae biofilm detected on all those samples, 

S.pneumoniae biofilm on 4 and S.aureus biofilms on 3 and P.aeruginosa biofilms on none 

of the samples. 2 of 5 controls also were positive for H.influenzae biofilms, and thus they 

suggested that biofilms may simply be colonizers and the exact role of biofilms in 

pathogenesis needed to be evaluated with larger sample sizes. 

Foreman and colleagues [173]  applied species specific probes for Staphylococcus aureus, 

Haemophilus influenzae, Pseudomonas aeruginosa and a universal fungal probe to 

sinonasal biopsy specimens obtained from 50 CRS patients and 10 control patients, and 

analysed them via CSLM.  None of their control samples showed biofilms but 36 of the 50 

CRS samples showed biofilms. More than half of the patients had polymicrobial biofilms 

with S.aureus biofilms being the most frequently detected in 25 of the 36 biofilm positive 

samples. These biofilms also were seen to coexist with the biofilm structures showing up 

with the universal fungal probe.  Most of the techniques have one or the other limitation of 

sampling mucosa ex vivo, are expensive, and requiring skills limited to a few specialist 

centres.  

With an aim to circumvent the specialised imaging techniques used to identify  mucosal 

biofilms in research settings, Bendouah and colleagues presented an in-vitro technique to 

assay the biofilm forming capacity of bacteria isolated from CRS patients [174].  31 

clinical isolates of P .aeruginosa, S .aureus, and Coagulase negative S .aureus from CRS 

patients were cultured in 96-well plates and stained with crystal violet. Biofilm production 

was quantified by measuring optical density and comparing it with commercial positive 

and negative controls. They were able to show biofilm forming capacity in 22 of the 31 

specimens, with biofilm forming capacity seen in all three of the bacterial species isolated 
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from the patients. They thus recommended the in-vitro assay as an inexpensive and easy 

method to assay biofilms formed by different species of bacteria in the clinical setting. 

With an aim to determine the prevalence of biofilm forming bacteria in CRS patients,  

Prince and colleagues [175] also collected sinonasal culture from 157 patients and grew 

them under biofilm conditions. Approximately 30% of them formed biofilms of which 

71% were polymicrobial cultures, P .aeruginosa and/or S. aureus cultures. They also found 

that a significantly more number of patients with prior ESS procedures showed biofilm 

formation. Oncel and colleagues [176] also cultured nasal swabs taken from areas of 

purulence at time of surgery and cultured them using conventional techniques. Samples 

which  cultured bacteria were then evaluated for their ability to form slime by culturing 

them on congo red agar plates. 23 of their 30 samples grew S .aureus and P .aeruginosa on 

culturing, and 15 of those 23 showed biofilm formation. But these attempts to culture 

bacteria, in an environment distant from the original sampled milieu causes a change in the 

microbial phenotype, and thus the biofilm formation in-vitro cannot always be reflective of 

the biofilm formation in-vivo.   

Non-planktonic bacteria which are not culturable can also be identified by applying 

molecular based techniques like polymerase chain reaction cloning, Denaturing gradient 

gel electrophoresis (DGGE), Temperature gradient gel electrophoresis (TGGE) [98]. 

Hochstim and colleagues [177] applied haematoxylin-eosin staining technique to samples 

from 24 CRS patients and 10 controls to identify biofilms. They identified biofilm 

structures in 15 of the 24 CRS patients and 1 control, seen as irregularly shaped groups of 

small basophilic bacteria with exopolymeric substance resting on mucosal epithelial 

surface. They recommended it as an easier and more cost-effective way of detecting 

biofilms in CRS patients as it gave results in concordance with FISH for biofilm detection. 

But unlike FISH it could not identify the type of bacterial species forming the biofilms.    
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Most of the above imaging modalities described above for studying biofilms provide a 

qualitative description of the biofilm presence on mucosal specimens. Attempts to quantify 

the imaged biofilms have used subjective or categorical measures which are not an optimal 

method for assaying biofilm structures. Hochstim and colleagues [177, 178] identified 

biofilms in patient samples using haematoxylin-eosin stains and subjectively graded the 

extent of biofilm as being „extensive‟ if it covered more than 50% of the mucosal sample, 

and „present‟ if it covered less than 50% of the sample surface.  Le and Colleagues [179] 

assessed the percentage surface area covered by biofilm in sub-sections of tissue by visual 

inspection of individual CSLM image stacks which was insufficient and not an objective 

assay for quantifying the structural features of biofilms. In order to circumvent the 

specialised imaging techniques to assay biofilms, researchers have described in-vitro 

techniques to assay the biofilm forming capacity of bacteria isolated from CRS patients by 

culturing clinical isolates. The biofilm so produced in-vitro was quantified by either 

measuring the colony forming units (CFU) [180, 181] or optical density [174, 175, 182] 

and comparing it with commercial positive and negative controls. But as with all controlled 

experiments the biofilm formation in-vitro cannot be truly reflective of the biofilm 

formation in-vivo, which is significantly affected by the dynamic interactions with the host 

tissue.  Thus an ideal technique for quantifying mucosal biofilms in CRS patients has been 

elusive to researchers so far. 

1.3.3 IMPACT OF BACTERIAL BIOFILMS  ON CRS 

As the role biofilms play in the etiopathogenesis of recalcitrant CRS becomes better 

defined, the effect that these biofilms have on the treatments currently being used for 

managing CRS patients also becomes more and more critical to identify. With an aim to 

demonstrate the impact that  biofilm-forming capacity of bacteria had on persistence of 

CRS following endoscopic sinus surgery, Bendouah and colleagues correlated in-vitro 
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biofilm forming capacity of 31 clinical isolates with a dichotomous outcome of favorable 

or unfavorable as assessed by questionnaire and endoscopy [174, 183]. They  found that 

Pseudomonas aeruginosa and Staphylococcus aureus biofilms were associated with a poor 

evolution, but not coagulase-negative staphylococcus. 

Psaltis and colleagues [184] retrospectively analysed symptom records and endoscopic 

evaluations of sinonasal mucosa of 40 patients who underwent ESS for CRS. Even the 

mildest of the symptoms reported by the patient at 8 months of follow-up was classified as 

„ongoing symptoms‟ and ongoing post-operative mucosal inflammation (edema, pus, 

mucin or significant crusting) was classified as present or absent.  50% of the patients 

showed bacterial biofilms on confocal microscopy and these patients with biofilms had 

significantly more ongoing postoperative symptoms and mucosal inflammation. However, 

in the authors‟ own words this retrospective analysis had its limitations as it used non-

validated symptom scoring methods, and only used nominal measures to report 

postoperative mucosal outcomes. Thus there had been a paucity of evidence of what 

influence the biofilms had on CRS patients and their management.   

1.3.4 ROLE OF BACTERIAL BIOFILMS  IN CRS 

As described above ample evidence exists for the presence of biofilms in patients with 

CRS, but the precise mechanism by which the biofilms lead to the development and 

progression of a recalcitrant CRS has been more of a cause for hypotheses.  

It is known that bioflm bacteria grow at a slow rate and are less susceptible to antibiotics 

and the host immune system. This helps it to form a nidus of infection in the host tissue 

which intermittently generates mobile planktonic bacteria. These planktonic bacteria are 

presumed to be reponsible for acute exacerbrations characteristically seen in patients with 
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the condition, and are more susceptible to antibiotics than their biofilm counterparts. Thus 

culture-directed antimicrobial therapies only eliminate the planktonic microbes and the 

source biofilm persists within the tissues. Though post-surgical sinus environment has been 

suggested as a possible stimulus for the biofilm form giving rise to the free-floating 

bacterium, it is still unclear as to how exactly this occurs and what maybe other possible 

stimuli for such a phenotypic change to occur.  

Apart from the acute exacerbrations of the disease, it has been hypothesised that biofilms 

may be the common link in a web of causative factors leading to CRS as the endpoint, by 

potentially providing a continum of antigens like superantigens, exotoxins, cell surface 

markers and supporting fungal elements. In an attempt to characterize the inflammatory 

response elicited in biofilm mediated CRS, Hekiert and colleagues [185] collected 

sinonasal mucosal samples and peripheral blood from 60 CRS patients. 17 of those 

samples showed biofilms on SEM and the small subset of steroid-naïve biofilm positive 

patients among them had a local TH1 inflammatory response with elevated levels of 

neutrophils and cytokines like INF-γ, granulocyte colony-stimulating factor in the 

sinonasal mucosa. This difference was not seen in the subset of patients on oral steroids.  

Recently Foreman and colleagues (in review/press) have found a coexistence of S .aureus 

biofilms and superantigens in CRS patients, and suggested the biofilms may be the source 

of superantigens thus providing a possible direct link between biofilms and CRS. They also 

demonstrated the existence of an eosinophilic, Th2 polarised immune response with 

increased levels of eosinophilic cationic protein and IL-5 in patients with S. aureus 

biofilms.  

The above probable immune mechanisms still require further investigation to establish 

their cause and effect for the role biofilms may play in CRS. The biofilm mass is resistant 

to any type of host immune response mounted against it‟s presented antigens, possibly 
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protected by the surrounding EPS against phagocytosis, activated complement, antibody 

and immune cells. Instead there is collateral tissue damage caused through the cytotoxic, 

proteolytic and pro-inflammatory actions of the mileu of the activated complement-

antibody-immune cells resulting in severe and sustained inflammation.  Whatever be the 

type of immune response, the ineffective response against the biofilm thus possibly 

perpetuates disease in the surrounding host tissue. 
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1.4 FUNGAL BIOFILMS IN CRS 

1.4.1 MYCOLOGY IN RHINOSINUSITIS 

Ubiquitous fungal spores are continuously inhaled and deposited on the mucosal lining of 

the sino-nasal passages. Different studies have reported prevalence rates ranging from 0 to 

100% [186-203] in the nose and paranasal sinuses of both CRS patients and controls, using 

different techniques for collection and identification of fungi. Aspergillus, Penicillium, 

Cladosporium, Candida, Aureobasidium, and Alternaria are the common species of fungi 

isolated from the sinonasal regions. 

The spectrum of fungal rhinosinusitis (FRS) extends from benign colonisation of the nose 

and paranasal sinuses as fungal ball and Allergic FRS, to potentially life threatening 

invasive disease (Acute Invasive FRS, Chronic Invasive FRS, and Granulomatous invasive 

FRS) [204]. A fungal ball is a non-invasive disease in which a large mass of densely 

intertwined hyphae develop in the sino-nasal spaces without significant mucosal 

inflammation. In Allergic FRS, microscopic quantities of fungal hyphae in sinuses elicit an 

intense immune response, characterised by formation of allergic mucin containing 

numerous eosinophils and Charcot Leyden Crystals. Both these types of FRS are seen in 

immunocompetent individuals. Invasive fungal rhinosinusitis is seen in an 

immunocompromised individual, often as an acute fulminant disease that carries a high 

mortality rate. However, in patients whose immunologic deficiency is mild or unapparent, 

invasive FRS might run a more indolent chronic course. Management requires repeated 

surgical debridement, correction of any immunologic deficiency, and long-term systemic 

and topical antifungal therapy. Despite close medical attention, all invasive cases of fungal 

rhinosinusitis can progress to a fatal outcome or become a recurrent problem. Chronic 

invasive fungal rhinosinusitis has been divided into granulomatous and non-granulomatous 

subtypes on the basis of histopathology.  
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A recent review paper from a working group on fungal rhinosinusitis has supported the 

well established role of fungi in some of the above subtypes of FRS such as the invasive 

subtypes of FRS and fungal balls [205]. However the role of fungi in CRS per se or AFRS 

still remains unclear and very intensely debated in literature [206-211]. 

 1.4.2 CONTROVERSIAL ROLE OF FUNGI IN CRS 

AFRS was a term coined to describe a subtype of CRS associated with allergic 

eosinophilic mucus, and characterised by an IgE mediated inflammatory response to non-

invasive fungi in the nose and sinuses [188, 204, 212]. Subsequent studies, applying novel 

sample collection and fungal detection methods have reported a prevalence of fungi in 90-

100 % of CRS patients [187, 192, 196, 213], and it was suggested that fungi may play an 

important role in the pathogenesis of most of the CRS patients. However the role of fungi 

as significant pathogens in CRS has been questioned because different studies have shown 

similar fungal prevalence rates in CRS patients and healthy control groups [189, 190, 192-

194, 196, 203, 213, 214], with similar types of species isolated [189, 190, 192, 196], and 

similar load of fungal allergens in the 2 groups[194].  

Even research into the proposed IgE mediated allergy to fungi has shown similar 

sensitization rates in patients with or without fungi in the sinonasal regions [215], or 

between CRS patients and healthy controls [192, 216]. Some investigations into the type of 

cellular immune responses to fungi have further confounded the role of fungi in CRS. Shin 

and colleagues [216] demonstrated that CRS patients show exaggerated humoral and 

cellular responses with their PBMCs producing more IL-5 and IL-13 in response to 

common airborne fungi. These findings have supported the hypotheses that fungi on the 

sinus mucosal surface induce production of cytokines which in turn promote eosinophil 

migration, and ensuing EMCRS [217]. But Orlandi and colleagues were not able to 
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successfully replicate the result of the above study on a more heterogeneous sample and 

found only found minimal differences in cytokine levels [218]. Based on this theory that 

CRS is caused by an immune reaction to fungal presence in sinuses, antifungal treatments 

have been used in CRS patients with variable results [219-221], and some randomised 

placebo-controlled trials failing to show any improvement in subjective or objective 

outcome measures [195, 197, 222, 223]. 

Fungus may have a minor role in CRS as part of a more complex interplay among multiple 

factors. Alternatively, it may be the principal factor as some have claimed. Its relative 

importance and the exact pathophysiologic mechanism are crucial to understand, in order 

to determine whether it should be targeted in potential CRS treatments and, if so, how it 

should be addressed. The fungal analysis in all of the above studies has been based upon 

the conventional microbiology culture, microscopy and laboratory techniques that possibly 

identify only the ubiquitous non-biofilm forms of the fungi isolated from nasal swabs, 

secretions and lavages. To date evidence supporting the presence of fungal biofilms in 

CRS patients is lacking, as majority of the work has centred on bacterial biofilms. 

1.4.3 FUNGAL BIOFILMS  

Fungi are now being increasingly recognized as able to adopt a biofilm phenotype both on 

biotic and abiotic surfaces. Much of the work in fungal biofilm research has focused on 

Candida species [224-227], though other yeasts and filamentous fungi like Cryptococcus, 

Blastoschizomyces, Malassezia, Trichosporon, Pneumocystis, Saccharomyces, Aspergillus, 

and Coccidioides have also been implicated in fungal-biofilm mediated infections [228-

238]. Candida biofilms have been isolated from numerous indwelling medical devices like 

cardiac pacemakers, prosthetic heart valves, CNS shunts, breast implants and joint 

replacements [239]. Candida biofilm has also been shown on cochlear implant implanted 
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in a child with CSOM who was given perioperative antibiotics[120]. Cryptococcus 

neoformans has been reported to form biofilms on ventricular shunts [240] , cardiac valves 

[241], peritoneal dialysis fistulae [242].  

Numerous in-vitro models have been described which have shown that fungal biofilm 

formation occurs in stages similar to bacterial biofilm formation. The first step in biofilm 

formation is the attachment of spores to an inert or living surface, leading to colonization 

by hyphal proliferation. Extra-cellular matrix is then produced, followed by formation of 

pores and internal channels. Under the controlled conditions of the experimental models 

numerous factors like fungal strain / species, bacterial competition, substrate specificity 

have been found to influence fungal biofilm formation [239]. The models range from the 

earliest evidence of candida biofilms grown on catheter discs [243] or poly methyl-

methacrylate strips [225] to the high throughput models like 96-well microtitre plate model 

[244], and flow models with the presence of flowing liquid over the biofilm surface [245, 

246]. Dry weight measurements, tetrazolium salt (MTT) reduction assays [243], XTT 

reduction assays [225]are some of the complex assays applied to quantify fungal biofilms 

while analyzing antifungal susceptibility of the biofilms.    

Villena & Gutierrez-Correa [247, 248] studied the morphology of filamentous fungi like 

A.niger biofilms grown adhering to a surface as compared to pellets grown in a suspension. 

They found that the biofilm form had orderly hyphal distribution forming a surface & inner 

channeled structure with evidence of ECM production. The pellet form showed no such 

organization and was composed of highly intertwined superficial hyphae & densely packed 

deep mycelium. Biofilm structures were also shown to have fivefold higher enzyme 

activities [249-251].  Beauvais and colleagues [252] demonstrated the hyphae on the 

surface of a colony of A. fumigatus were bound together by a hydrophobic extracellular 

matrix into a contiguous sheath, which was composed of significant antigens and 
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hydrophobins like galactomannan, α-1,3-glucans, monosaccharides, polyols, melanins, 

proteins. They also found that those A.fumigatus colonies were more resistant to polyene 

antifungals than a submerged shake mycelial growth.    

Mowat and colleagues, standardized the first in-vitro model of Aspergillus fumigatus 

biofilms on microtitre plates [253]. Using LIVE/DEAD fluorescent stain and CSLM, they 

demonstrated Aspergillus to have formed coherent filamentous multicellular structures 

exhibiting acute angled dichotomous branching, with parallel-packed and cross linking of 

hyphae. They also found antifungal agents were at least 1000 times less effective at 

reducing the metabolic activity of cells in biofilms as compared to planktonic cells. While 

studying the biofilm formation they found that the conidia displayed a different antifungal 

susceptibility profile as compared to the complex hyphal structures formed. Further testing 

[254] with different antifungal agents showed that they are most effective during the early 

sporulation and hyphal proliferation stages of a developing A .fumigatus biofilm as 

compared to a fully developed mature multicellular-hyphal complex. Seidler and 

colleagues [255] applied some of Mowat‟s techniques and grew Aspergillus fumigatus 

biofilm on human bronchial epithelial cell lines. They demonstrated the formation of the 

ECM production by A.fumigatus, by assaying biofilm growth kinetics (dry weight 

measurements) and staining with safrannin. Using SEM and CSLM they identified 

filamentous multicellular structures exhibiting parallel-packed and cross-linking of hyphae, 

with EPS matrix in between. The biofilms adhered to the epithelial cells and showed 

lowered susceptibility to antifungal agents as compared to planktonic A.  fumigatus strains.  

1.4.4 EVIDENCE OF FUNGAL BIOFILMS IN CRS  

The research implicating biofilms in the pathogenesis of CRS has mostly concentrated on 

bacterial biofilms, and not much evidence exists about fungal biofilms with respect to the 
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disease.  Healy and colleagues [256] attempted to demonstrate the presence of fungal 

elements within bacterial biofilms on mucosal samples from sinuses of patients with CRS, 

EMCRS and AFRS. They applied FISH probes specific for Haemophilus influenzae, 

Staphylococcus aureus, Pseudomonas aeruginosa, Streptococcus pneumophilia and a 

general pan-fungal FISH probe to mucosal biopsies from 11 patients and 4 controls and 

analysed the samples using epifluorescent microscopy. They detected bacterial biofilms in 

9 of the 11 patient samples and 2 of 3 control samples with H. influenzae biofilms being 

the commonest species forming biofilms. They stated that they demonstrated significant 

fungal elements in 7 out of 11samples, with more of them being present within AFRS and 

EMCRS samples as compared to CRS and controls. They did state that they however could 

not ascertain if they were viable fungal elements or if they were in a biofilm form.  

Foreman and colleagues [173] used a pan-fungal FISH probe on tissue biopsies from CRS 

patients and demonstrated fungal biofilms like structures in 11/50 patients, and none from 

control samples. Interestingly they found a significant co-existence of fungal and bacterial 

biofilms in CRS patients. Out of the 11 patients in whom they identified robust fungal 

biofilms, 7 also demonstrated S. aureus biofilms, 2 had fungal–H. influenza biofilms 

present and the remaining 2 were solely fungal. They suggested that that the co-existence 

of fungal-bacterial biofilms could be an indication of possible symbiotic interactions 

known to augment biofilm survival by enhancing interspecies transfer of antimicrobial 

resistance traits, assisting surface adherence and improving the protection provided by the 

exo-polysaccharide matrix. 

But once again, there has not been any direct evidence of the pathogenic filamentous fungi 

forming biofilms on the sinonasal mucosa of CRS patients. 
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1.5 AIMS UNDERPINNING STUDIES INCLUDED IN THESIS 

At the time of the start of the work compiled in this thesis, evidence was present in peer-

reviewed literature that biofilms existed on the mucosa of nose and sinuses obtained from 

CRS patients, and it had been hypothesised that they played a role in perpetuating the 

chronic, recurrent and recalcitrant course of the inflammatory disease.  

 After extensively reviewing the available evidence, it was obvious that the research into 

the impact of biofilms on clinical outcomes of CRS patients was limited by the 

retrospective nature and methodology of the studies. To address these limitations and to 

find out more regarding the effect biofilms may have on the clinical outcomes and 

available treatments for CRS patients, a prospective, blinded study was conducted. The 

aim of the study was to analyse the post surgical outcomes of endoscopic sinus surgery, 

done in patients with chronic rhinosinusitis associated with biofilms, using internationally 

accepted and validated outcome measures.  

 Different bacteria had been identified by different research groups as possible biofilm 

forming organisms on the sino-nasal mucosa, but again it was not known how the different 

bacterial species forming the biofilms affected the disease profile of the CRS patients.  

Thus a further evaluation of a cohort of CRS patients undergoing ESS was conducted in 

which the different organisms forming the biofilms were identified using species specific 

FISH probes and CSLM. With an aim of assessing the effect that different species forming 

biofilms had on the disease pattern and post-operative outcomes, their signs and symptoms 

of CRS were monitored using internationally accepted and validated outcome measures 

over a 12 month follow-up period. 

 The research into mucosal biofilms in the nose and paranasal sinuses has so far applied 

only subjective parameters to quantify the biofilms assessed by different techniques. 
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Quantification of sino-nasal-mucosal biofilms can not only be of use in testing novel 

antibiofilm treatments, but may help in establishing a causal relationship of biofilms in the 

pathogenesis of CRS if a greater amount of biofilm is associated with a more severe 

disease. With an aim of finding an objective and reliable method of quantifying mucosal 

biofilms, we applied and standardised the COMSTAT computer program for quantifying 

biofilm structures seen on CSLM images of sinonasal mucosa. 

 So far most of the published research in the field of biofilm in rhino-sinusitis has 

predominantly centered on bacterial biofilms. To characterize biofilms formed by 

filamentous fungi on sino-nasal mucosa and to build a tool that will further our 

understanding of the possible role that fungal biofilms may have in CRS, we aimed to 

develop an in-vitro model of Aspergillus fumigatus biofilm on Primary culture of Sino-

Nasal Epithelial Cells.  
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3.1 ABSTRACT 

BACKGROUND:  

Chronic Rhinosinusitis (CRS) patients with biofilms have persistent post-operative 

symptoms, ongoing mucosal inflammation & recurrent infections. Recent evidence, 

suggests that biofilms of differing species confer varying disease profiles in CRS patients. 

AIMS: 

To prospectively investigate effect of Staphylococcus aureus, Pseudomonas aeruginosa, 

Haemophilus influenzae and fungal biofilms on outcomes following ESS. 

METHODS: 

In this prospective blinded study, 39 patients undergoing ESS for CRS assessed their 

symptoms pre-operatively using internationally accepted standardised symptom scoring 

systems and QOL measures (10 point Visual Analogue Scale, Sino-Nasal-Outcome-Test-

20, Global severity of CRS). Their sino-nasal mucosa was graded (Lund–Kennedy scale) 

& extent of radiological disease on CT scans scored (Lund-McKay scale). Random sino-

nasal tissue samples were assessed for different bacterial species forming biofilms using 

Fluorescent In-Situ Hybridisation and Confocal Laser Microscopy. For 12 months after 

surgery, CRS symptoms, quality of life and objective evidence of persisting disease were 

assessed using the pre-operative tools. 

RESULTS: 

Different bacterial species combinations were found in 30/39 patients.  60% of these 30 

biofilms were polymicrobial biofilms & 70% had S.aureus biofilms. Pre-operative 

nasendoscopy & radiological disease severity was significantly worse in patient with 

multiple biofilms (p=0.02 & p=0.01) and they had worse post-surgery mucosal outcomes 

on endoscopy (p=0.01) requiring significantly more number of post–operative visits 

(p=0.04). S. aureus biofilms progressed poorly with their symptom scores and quality of 

life outcomes, with significant differences in nasendoscopy scores (p=0.007). 

CONCLUSION:  

S .aureus biofilms play a dominant role in negatively affecting outcomes of ESS with 

persisting post-operative symptoms, ongoing mucosal inflammation & infections. 
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3.2 INTRODUCTION 

Chronic Rhinosinusitis (CRS) is recurring, persistent inflammation of the sino-nasal 

tissues, and is known to cause significant physical symptoms, negatively affect quality of 

life and substantially impair daily functioning. While most patients do well after 

endoscopic sinus surgery (ESS), in some it continues to be a recalcitrant condition [263, 

264]. Biofilms have been shown to negatively affect treatment outcomes in CRS patients 

[184, 265]. The presence of biofilms on the mucosa of CRS patients is associated with 

more severe disease preoperatively, persistent post-operative symptoms, ongoing mucosal 

inflammation & infections following ESS [265]. However the above studies used Baclight 

for diagnosis and this technique precludes species identification. Bendouah et al. detected 

the biofilm-forming capacity of bacteria and correlated that with dichotomous post-surgical 

outcome [174, 183] and found that Pseudomonas aeruginosa and Staphylococcus aureus 

biofilms were associated with a more  unfavourable surgical outcome. 

Fluorescence in situ hybridization (FISH) techniques have now been applied with species 

specific probes to identify some of the bacterial species forming biofilms in CRS 

patients[173].  A retrospective analysis of CRS patients in whom biofilm forming 

organisms were known demonstrated that different biofilm species display different 

disease characteristics[266]. Haemophilus influenzae biofilms were found in patients with 

mild disease, whereas Staphylococcus aureus biofilms were associated with a more severe 

surgically recalcitrant disease profile. But the results of the study were limited as it was a 

retrospective review of a relatively small number of patients and used non-validated 

symptom scoring methods and nominal reporting of post-operative endoscopic outcomes. 

Thus a prospective blinded study of CRS patients undergoing ESS was conducted using 

internationally accepted, standardised symptom, radiologic and endoscopic scoring 

systems to more conclusively report on the different disease and treatment outcomes seen 

with different biofilm species.  
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3.3 METHODS 

STUDY DESIGN  

A prospective, blinded study of patients undergoing Endoscopic Sinus Surgery (ESS) for 

Chronic Rhinosinusitis (CRS) in a tertiary rhinology clinic was conducted. Approval was 

obtained from the Ethics Committee and informed consent was obtained. . The  39 

recruited patients fulfilled the criteria for CRS diagnosis as per the Rhinosinusitis task 

force definition for the disease [2] and were considered for ESS after a poor response to 

maximal medical therapy. Patients under 18 years of age and those with ciliary dysmotility 

or immunocompromised conditions as well as any patients taking steroids or antibiotics in 

the three weeks prior to their surgery were excluded from the study.   

PRE-OPERATIVE DATA COLLECTION 

 Demographic and clinical data (age, sex, past medical and surgical history, allergies, and 

previous ESS procedures) were recorded. Before undergoing ESS patients completed 

questionnaires documenting the severity of their rhinosinusitis. They graded their 

individual symptoms (nasal congestion / obstruction, nasal discharge, alteration in sense of 

smell, headache, facial pain / pressure, sneezing), and their combined symptoms‟ score 

using the widely accepted and validated 10-point Visual Analogue Scoring system (VAS) 

[267]. They assessed the effect of sinusitis on their quality of life using the Sino-Nasal-

Outcome-Test-20 (SNOT 20) symptom inventory and the „Global Assessment of 

Rhinosinusitis Symptom severity‟ 7 point Visual Analogue Scale (GARS) [2]. The treating 

surgeon graded the patient‟s sino-nasal mucosa using the Kennedy-Lund scoring system 

[259]. All patients underwent pre-operative computerized tomography (CT) scanning, 

which was scored using Lund-Mackay scoring system [260]. 
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 PERI-OPERATIVE DATA COLLECTION 

Presence/absence of pus, polyps and eosinophilic mucous at the time of the sinus 

procedure were documented, swabs were sent from the sinonasal areas of all patients for 

microscopy and culture for isolation of possible bacteria or fungi. To ensure that all 

patients received the same standard of surgical care, all the endoscopic sinus procedures 

were performed by the senior surgeon only. Sinonasal tissue biopsies were sent for 

histopathological evaluation and two random mucosal samples were taken from either the 

osteomeatal region or the sinuses of each patient at the time of their surgery and 

transported on ice to our laboratory in Dulbecco‟s Modified Eagle medium (Gibco, 

Invitrogen Corp., Grand Island, NY), where it was cryo-preserved for delayed processing.  

TISSUE ANALYSIS 

Biofilm characterization was performed by an independent investigator (AF) who was 

blinded to the patient questionnaire responses and the operative findings of the surgeon. 

The specimens were processed and analysed using a FISH protocol described previously 

[173], using species-specific probes for S. aureus, H. influenzae, and P. aeruginosa, as 

well as a universal fungal probe. The hybridized slides were analysed using a Leica TCS 

SP5 confocal scanning laser microscope (Leica Microsystems, Wetzlar, Germany), and 

biofilms identified as per the previously established biofilm definitions of FISH-CSLM 

protocol [173].  

POST-OPERATIVE DATA COLLECTION  

The patients were all followed-up after surgery by the operating surgeon, who was blinded 

to the biofilm status of the patients so that a standardised post-operative care was ensured 

for each patient. As per the standard post-operative care, the patients were assessed at 2 

week, 6 week, 6 months, and 12 months. The patients also remained blinded to their  
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biofilm results throughout the follow-up period and on each visit, the patients graded their 

symptoms and quality of life on the same scales as they had done pre-operatively (i.e. 

VAS, SNOT 20, and GARS). Their sino-nasal mucosa was graded endoscopically at each 

visit by the same surgeon. Any deviation from the standardised post-operative surgical care 

was recorded. 

STATISTICAL ANALYSIS 

Statistical analysis was performed using Graph Pad Prism 5.0 software (San Diego, CA). 

All data was considered non-parametric, and hence median and interquartile ranges (IQR) 

are being reported in the results. All statistical tests were considered to be significant at a p 

value = 0.05. Differences were analysed using the Fisher's exact test for dichotomous data, 

the Mann-Whitney-U-Test for 2-way independent samples. For analysis of the data, the 

patients were divided first into Biofilm Positive or Biofilm Negative groups depending 

upon the presence / absence of any biofilm on FISH-Confocal analysis. Patients with 

biofilms were further grouped based on the number of species contained within their 

biofilm, into „Unimicrobial biofilms‟ or „Polymicrobial biofilms‟. Patients with 

unimicrobial biofilms had evidence of only one bacterial species forming biofilms on FISH 

i.e. S. aureus or P. aeruginosa or H. influenzae or Fungal biofilms. Patients with 

polymicrobial biofilms had different combinations of S. aureus, P. aeruginosa, H. 

influenzae or Fungal biofilms. These polymicrobial were further divided into two groups – 

i). Staphylococcal-polymicrobial biofilms ii) Non-staphylococcal-polymicrobial biofilm. 

The staphylococcal biofilms had S.  aureus biofilm detected with P.aeruginosa and/or H. 

influenzae and/or Fungal biofilms. Non-staphylococcal polymicrobial biofilms had only 

combinations of P. aeruginosa and/or H. influenzae and/or Fungal biofilms with no S. 

aureus biofilms detected in analysed tissue specimens. 
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3.4 RESULTS 

DEMOGRAPHIC FACTORS 

Amongst the 39 patients who met the inclusion criteria and participated in the study, 19 

were males (48.7%) and 20 were females (51.3%). The median age of the population under 

study was 51.5 years (IQR: 37.3 to 57.7 years). More than three-fourths of the study 

population had suffered with sinusitis for more than 6 years and 70% of them reported that 

they had symptoms „all the time‟. 21 patients had co-existing asthma, and 6 had a history 

of aspirin sensitivity. Approximately 2/3 of the study population was non-smokers and 

only 2 subjects gave a current history of smoking.  

BIOFILM STATUS 

With CSLM 30 of the 39 (76.9%) patients in our study showed evidence of biofilms on 

confocal microscopy. A total of 50 biofilms were identified by FISH probes in these 30 

patients in one of the various combinations. 18 (60%) of the 30 patients with biofilms had 

polymicrobial biofilms and 15 of those 18 were polymicrobial biofilms with S. aureus and 

the remaining 3 were other combinations of microbes forming biofilms without S. aureus. 

In the patients with staphylococcal-polymicrobial biofilms 5 samples had P. aeruginosa 

biofilms with S. aureus biofilms, 4 had S. aureus & H.  influenzae biofilms, 3 had S.aureus 

biofilms & fungal elements, 3 had S.aureus with both P. aeruginosa biofilms & fungal 

elements, 2 had S. aureus, P. aeruginosa & H. influenzae biofilms and 1 had S .aureus & 

H. influenzae biofilms with Fungal elements. Out of the 3 samples with 

nonstaphylococcal-polymicrobial biofilms 2 had P. aeruginosa & H. influenzae biofilms, 

and 1 had H. influenzae biofilm with co-existing fungal elements. Unimicrobial biofilms 

were seen in 12 (40%) of the 30 biofilm positive patients with S. aureus biofilms being the 

most common uni-microbial biofilm. 6 of the 12 unimicrobial biofilm patients had S. 

aureus biofilms, 4 patients showed H. influenzae biofilms, and 2 had fungal biofilms only.  
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PRE-OPERATIVE DATA ANALYSIS 

Pre-operative Severity of CRS 

The pre-operative subjective and objective measures of severity of sinusitis for the 

different patient groups in the study are compared in Table I. The preoperative subjective 

quality of life measures (GARS and SNOT-20) were comparably similar in the 

polymicrobial and unimicrobial biofilms, whereas the nasendoscopy and radiology 

evidence of disease was significantly worse in patient with multiple biofilms (p=0.02 and 

p=0.01 respectively), and these patient also had higher symptom scores when compared 

with those patients with single-species biofilms (p=0.053). 

 GARS 

 

(1-7) 

Median, 

IQR 

VAS 

symptoms 

(0 – 70) 

Median, 

IQR 

SNOT 20 

 

(0-60) 

Median, 

IQR 

Nasendoscopy 

scores 

(0-22) 

Median,  

IQR 

CT scores 

 

(0-24) 

Median, 

IQR 

Biofilm Negative 

(n=9) 

6.0 

(5.7-6.5) 

42.0 

( 31.5-50.0) 

29 

(22.0-38.5) 

6.0 

(5.0-7.0) 

13 

(9.5-15.0) 

Poly-microbial Biofilms   

               (n=18)       

a) With S.aureus 

                (n=15)  

b) Without S.aureus 

       (n=3) 

6.0 

(5.0-7.0) 

6.0 

(5.0-6.0) 

7.0 

(6.0-7.0) 

41 

(33.0-51.7) 

41 

(33.0-50.0) 

41 

(22.0-68.0) 

32.5 

(20-41.2) 

31 

(23.0-41.0) 

34 

(11.0-43.0) 

8.0 

(6.7-12.0) 

8.0 

(2.0-12.0) 

8.0 

(7.0-13.0) 

14.0 

(12.5-20.2) 

14 

(13.0-20.0) 

13 

(11.0-21.0) 

Mono-microbial 

biofilms                          

              (n=12) 

a) S.aureus biofilm 

         (n=6) 

b) H.influenzae biofilm 

        (n=4) 

c) Fungal biofilm 

        (n=2) 

5.5 

(5.0-6.0) 

5.75 

(5.0-6.6) 

5.0 

(4.3-5.8) 

5.0 

(5.0-5.0) 

33 

(22.7-42.0) 

37.0 

(30.0-45.0) 

23.5 

(12.2-38.5) 

37.5 

(30.0-45.0) 

32.5 

(24.7-38.7) 

35.5 

(29.2-43.7) 

26 

(19.5-37.0) 

32.5 

(27.0-38.0) 

6.0 

(3.2-7.7) 

6.5 

(4.2-10.2) 

5 

(3.2-7.5) 

4.0 

(2.0-6.0) 

9.5 

(8.0-14.7) 

12.5 

(10.2-19.6)) 

6.0 

(2.5-8.0) 

11.5 

(8.0-15.0) 

 
Table 1: Pre-operative Objective and Subjective measures of CRS severity in the different 

species specific patient subgroups. 

 
n: number of patients; IQR: Interquartile Range;  

GARS: Global Assessment of Rhinosinusitis Severity; VAS:  Visual Analog Scale;  
SNOT: Sino-nasal Outcome Test; CT: Computerized Tomography 
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Previous surgery 

 25 of the 39 patients had undergone at least one previous ESS procedure. The average 

number of prior procedures was 2.2 (range 0-9) for patients with polymicrobial biofilms 

and 1.2 (range 0-6) for patients having unimicrobial biofilms. Patients who had S.aureus 

biofilm (alone or in combination) had undergone an average of 2 (range 0-9) prior 

procedures in comparison to 1.3 (0-5) in patients with no S.aureus biofilms. However the 

above differences in number of procedures weren‟t statistically significant. 

PERI-OPERATIVE DATA ANALYSIS 

 

Intra-operative swabs cultured 31 bacterial isolates from 28 of the 39 patients. Non-

pathogenic respiratory flora was identified from 8 of those and the remaining 23 of the 31 

cultures demonstrated pathogenic species. S. aureus was the most common isolate, being 

cultured in 11 samples. Other pathogens cultured included 5 cultures of S.  pneuomoniae, 2 

of E. coli, and one each of P. mirabilis, P. aeruginosa, M.  catarrhalis, Acinetobacter & 

coagulase negative Staphylococcus. There was no correlation between the bacteria isolated 

via culture and the species specific biofilm identified via FISH, in keeping with the biofilm 

hypothesis of biofilm bacteria not being culturable via the conventional techniques. 

Eosinophilic mucin was identified on histology in 15 of the 39 patients and nasal polyps in 

23 of the 39 patients with no specific correlation with any of the specific biofilm-forming 

species. 
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POST-OPERATIVE RESULTS 

Follow-up Visits 

The patients were reviewed at 2 weeks, 6 weeks, 6 months, and 12 months as a part of their 

post-surgical care. But based on patient needs/symptoms and/or the surgeon‟s assessment, 

25 of the 39 patients required extra visits apart from those specified above. The median 

number of total visits and extra visits required by each of the patient subgroup is described 

in table II. The patients with multiple bacterial biofilms required significantly more 

number of extra visits to the rhinology clinic when compared with the patients with single 

species biofilms (p=0.04).  As seen from the data in table 2, patients with S. aureus 

biofilms by itself or in combination with other biofilms had come for more follow-up visits 

when compared with other subgroup patients within their group.  

 Median no. of follow-up 

visits in first year after ESS  

Average no. of extra 

visits required 

Biofilm Negative  (n=9) 4.5 1 

Poly-microbial Biofilms  (n=18)       

i. With S.aureus            (n=15) 

ii. Without S.aureus       (n=3) 

6.0 

6.5 

6.0 

2.1 

2.1 

1.7 

Mono-microbial Biofilms  (n=12) 

i. S.aureus biofilm        (n=6)   

ii. H.influenzae biofilm (n=4)  

iii. Fungal biofilm          (n=2) 

4.5 

5.0 

4.0 

4.0 

0.9 

1.5 

1.0 

0 

 
Table II: Total and extra follow-up visits for the different species specific groups. 
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Symptom Outcomes 

The VAS symptom scores did not show any dependence on the number of different 

bacterial biofilms found in the patients‟ mucosa. In the unimicrobial biofilm patients, the 

median total sinus symptom score of 34 pre-operatively showed some initial improvement 

to 24.5 (IQR 16-36) at 2 wks, 18 (IQR 8 to 35) at 6 wks. But after that it stabilized at that 

value at 6 months, and showed marginal improvement to 13 (8 to 18) at 12 months.  The 

Polymicrobial group had median total sinus symptom scores of 26.5 (IQR 18.2-30.2) at 2 

wks, improving to 11 (7 to 16.5) at 6 wks, again stabilising at 12 (5 to 22.75)) at 6 months 

and 13 (5 to 22.5) at 12 months. However, the symptom scores of the further biofilm 

subgroups progressed differently over the follow-up period as shown in Figure 1. The 

patients with S. aureus biofilms (either by itself or in combination) progressed poorly with 

their symptom scores and the VAS symptom scores were significantly different between 

unimicrobial S. aureus and H. influenzae biofilm (p=0.01 on ANOVA test). 

Postoperative symptom comparision
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Figure 1: Comparison of Post-operative symptoms (10-point visual analog scale) 
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Nasendoscopy Outcomes 

The Polymicrobial biofilm patients had median (with IQR) Kennedy Lund scores of 6 (3.7 

to 9.2) at 2 wks, 4.5 (2 to 11.5) at 6 wks, 3 (1 to 8) at 6 months, 5.5 (2 to 8.2) at 12 months. 

At the same follow up period unimicrobial biofilm patients had median nasendoscopy 

scores of 4 (2 to 8.7), 1 (0 to 7.5), 3 (0 to 8), 2 (0 to 5). And these different scores were 

statistically significant between the 2 groups (p=0.01).The difference in nasendoscopy 

scores between the different species biofilm subgroups as shown in Figure 2 was also 

statistically very significant (p=0.001 on ANOVA test) 

Postoperative Nasendoscopy outcomes
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Figure 2: Comparison of Post-operative Nasendoscopy scores  

(Lund-Kennedy Scale) 
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Quality of Life (QOL) Outcomes 

The median Global assessment of severity of CRS score when compared between the 

different subgroups (Figure 3) was significantly worse for the S. aureus biofilms (p=0.007) 

with the scores slowly creeping towards the pre-operative baseline in the follow-up period.  
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Figure 3: Global Assessment of Rhinosinusitis Severity (GARS) Comparison 

 
 
 

The median total SNOT 20 scores for the different subgroups are described in table III are 

not showing statistical significance, but do show that S. aureus biofilms (alone or 

combination) have worse SNOT-20 scores when compared with other subgroup patients 

within their group. 
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Median SNOT-20 scores Pre 

Surgery 

2 wk 6 wk 6 mnth 12 mnth 

Biofilm Negative 29.0 17.0 10.0 12.5 8.5 

Poly-microbial Biofilms 

i)   With S.aureus 

ii)  Without S.aureus 

32.5 

31.0 

34.0 

21.0 

21.0 

14.0 

11.0 

12.0 

9.0 

12.0 

13.0 

7.0 

9.0 

14.5 

1.0 

Mono-microbial Biofilms 

i)  S.aureus biofilm 

ii )H.influenzae biofilm 

iii) Fungal biofilm 

32.5 

35.5 

26.0 

32.5 

12.0 

17.0 

11.5 

7.5 

11.0 

11.0 

8.5 

15.0 

13.5 

25.0 

11.0 

16.0 

4.5 

9.0 

3.0 

6.0 

 
Table III: SNOT-20 Scores for the different species specific subgroups 
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3.5 DISCUSSION 

This study is a prospective analysis of the impact of different biofilm species on the 

outcomes of endoscopic sinus surgery done for medically recalcitrant CRS and it has 

shown that S. aureus biofilms have a negative impact on the post-surgical outcomes, both 

as a single species biofilm or in combination with other species biofilms. 

Rhinologists are increasingly being faced with a subgroup of CRS patients whose disease 

process fails to improve despite maximal medical and surgical management. Factors like 

nasal polyposis, aspirin sensitivity, smoking, acid regurgitation have been reported to 

affect post-Endoscopic Sinus Surgery (ESS) outcomes [268-271]. This study confirms the 

deleterious role of S. aureus in influencing the outcome after ESS [173, 183, 184, 265].  S. 

aureus, H. influenzae, P. aeruginosa, fungal biofilms have been characterized as the 

commonly occurring species specific biofilms in different study populations [172-174, 

183, 256].  In our study we used FISH probes specific for the species described above 

along with validated outcome measures, to identify which species specific biofilms are 

associated with poor post-treatment outcomes.  However, as there is a limit to the number 

of species specific FISH probes that can be used for biofilm detection, we did not able 

identify some of the other clinically relevant species like S. pneumoniae and M. catarrhalis 

and define their disease outcomes. 

CRS is typically a polymicrobial disease on the basis of standard culture techniques. 

Additionally, biofilms in CRS are polymicrobial and it appears that the number of species 

within a biofilm is also a significant predictor of disease progression in our study. Multiple 

microbes forming biofilms on the sinonasal mucosa was associated with more severe 

disease pre-operatively as seen by higher symptom VAS, nasendoscopy and radiology 

scores as compared with patients with single species biofilms. Post-operatively these 

patients had worse post-surgery mucosal outcomes on endoscopy requiring significantly 

more number of post–operative visits to the rhinology clinic. 
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S. aureus biofilms (either by itself or in combination with other species) were identified in 

21 (70%) of the 30 biofilm positive patients and this group progressed poorly with their 

subjective and objective post-ESS outcomes. S. aureus has been identified in different 

study populations as the most common bacteria isolated from patients with surgically 

recalcitrant disease [272-276], and also the most common biofilm forming organism found 

on intraoperative mucosal specimens [173].  Our prospective analysis of patients 

displaying S. aureus biofilms on their sinonasal mucosa has provided direct evidence that 

these patients have worse VAS symptom scores, worse nasendoscopy scores and worse 

quality of life outcomes after endoscopic sinus surgery in comparison to the patients with 

other microbial biofilms. These patients also required more follow-up visits when 

compared to the remaining biofilm patients indicating that repeated infections and 

persistent disease prevail in this subgroup. The patients also had a tendency to have had 

more prior sinus surgeries reflecting the more severe and recalcitrant nature of the disease 

when associated with S. aureus biofilm. This negative impact on post-treatment outcomes 

is more pronounced when the S. aureus biofilms occur as single species biofilms and is 

still seen in a somewhat attenuated manner when they occur along with other microbial 

biofilms. 

Further work done in our department (in press) has found a coexistence of S.aureus 

biofilms and superantigens in CRS patients, and suggested the biofilms may be the source 

of superantigens. An eosinophilic, Th2 polarised immune response with increased levels of 

eosinophilic cationic protein and IL-5 in patients with S.aureus biofilms has also been 

observed possibly providing a link in the pathogenesis of CRS. The biofilm phenotype 

exhibits resistance to this immmune response, possibly protected by the surrounding EPS 

against phagocytosis, antibody and immune cells, which instead lead to collateral tissue 

damage caused through their cytotoxic, proteolytic and pro-inflammatory actions, and 
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result in severe and sustained inflammation.  Further investigation is required regarding the 

precise immune pathway so that possible treatments targeting it can be devised to control 

the resulting inflammation. 

The role of H. influenzae in CRS has recently been reinvigorated, with studies identifying 

H. influenzae biofilms commonly on the sinonasal mucosal specimens of CRS patients 

[172, 173, 256]. The disease profile of patients with H. influenzae biofilms  has been 

described as mild  with rapid resolution of signs and symptoms following surgery[266].  In 

our study 12 patients had H. influenzae biofilms, of which 4 were unimicrobial biofilms 

and 8 were found in various combinations with other microbial biofilms. Patients with 

unimicrobial H. influenzae biofilms had the least severity of disease pre-operatively with 

the lowest symptom and nasendoscopy scores. Over the first 6-8 weeks they had a rapid 

resolution of symptoms and mucosal signs on endoscopy, with continued marked 

improvement of quality of life outcome measures similar to patients without biofilms. This 

significant improvement was not evident when H. influenzae and S. aureus biofilms were 

found together; indicating that it‟s pathogenic effect may have been either weak from the 

start, or overpowered by the refractory and recalcitrant pathogenic mechanisms 

surrounding S. aureus biofilm. When H. influenzae biofilms combined with P. aeruginosa 

or fungal biofilms, as a polymicrobial biofilm without S. aureus the disease pattern was 

once again milder and reflective of the possibly mild combined pathogenic effects of these 

bacterial biofilms. These two pieces of information further support the theory that S. 

aureus plays a dominant role in CRS biofilms. 

No unimicrobial P. aeruginosa biofilms were seen in our study population, and hence the 

disease profile associated with them could not be defined. Of the 10 P. aeruginosa 

polymicrobial biofilms 8 were along with S. aureus and thus disease outcomes for P. 

aeruginosa are difficult to differentiate from the staphylococcal biofilm.  There were only 
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2 patients with single species fungal biofilms and the disease pattern in this very small 

population was mild, though the recovery of signs and symptoms was more protracted. The 

remaining 4 fungal biofilms co-existed with S. aureus biofilms and the patterns were again 

reflective of a staphylococcal biofilm. Thus in this small study population, S. aureus 

biofilms are spread through the biofilm subgroups, causing a loss of possible differences in 

the outcome measures and also indicating that S. aureus biofilms play a dominant role in 

determining disease severity and guiding postoperative course. 

The study thus shows that different bacterial biofilms are associated with different disease 

progression after ESS. Thus a clinically relevant species directed biofilm analysis will help 

in determining the possible at risk group of patients and guide a more directional research 

towards the elimination of those biofilms. This specific knowledge may help in developing 

novel and species specific anti-biofilm treatments which may enable us to aggressively 

treat these patients and help in improving the post-surgical outcomes of ESS. 

 

3.6 CONCLUSION 

S. aureus biofilms play a dominant role in negatively affecting the outcomes of ESS with 

persistence of post-operative symptoms, ongoing mucosal inflammation & infections. 

Patients with unimicrobial H. influenzae biofilms have a milder disease pattern with a rapid 

resolution of symptoms, and mucosal signs following ESS. Future studies evaluating 

therapeutic intervention specifically targeting S.aureus biofilms are suggested.  
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55..11  ABSTRACT 

BACKGROUND:  

Quantitative assays of mucosal biofilms on ex-situ samples are challenging with the 

currently applied specialised microscopic techniques to identify them. COMSTAT2 

computer program has been applied to in-vitro biofilm models for quantifying biofilm 

structures seen on confocal scanning laser microscopy (CSLM).  

AIM: 

Quantify S.aureus biofilms seen via CSLM on ex-situ samples of sinonasal mucosa, using 

COMSTAT2 program. 

METHODS:  

S.aureus biofilms were grown in frontal sinuses of 4 merino sheep as per previously 

standardised sheep sinusitis model for biofilms. 2 sinonasal mucosal samples, 10mm x 

10mm size from each of the 2 sinuses of the 4 sheep were analysed for biofilm presence 

with Baclight stain & CSLM. 2 random image-stacks of mucosa with S.aureus biofilm 

were recorded from each sample, and analysed using COMSTAT2 software which 

translates image stacks into simplified 3-dimensional matrix of biofilm mass by 

eliminating surrounding host tissue. 3 independent observers analysed images using 

COMSTAT2 and 3 repeated rounds of analyses were done to calculate biofilm biomass.  

RESULTS: 

COMSTAT2 application uses observer dependent threshold setting to translate CSLM 

biofilm images into a simplified 3-dimensional output for quantitative analysis. Intraclass 

correlation coefficient (ICC) between thresholds set by the 3 observers for each image 

stacks was 0.59 (P=0.0003). Threshold values set at different points of time by single 

observer also showed significant correlation as seen by ICC of 0.80 (P<0.001) 

CONCLUSION:  

COMSTAT2 can be applied to quantify and study the complex 3-dimensional biofilm 

structures that are recorded via CSLM on mucosal tissue like the sinonasal mucosa. 
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5.2 INTRODUCTION   

The Centres for Disease control and Prevention estimate that at least 65% of all human 

bacterial infectious processes involve biofilms [73], and over the past 7 years mounting 

evidence has been presented to implicate biofilms in propogating the recalcitrant and 

chronic nature of chronic rhinosinusitis (CRS) [62, 98, 153, 154].  Biofilms are organised 

communities of bacteria, attached to a biotic or abiotic surface, embedded in a mosaic of 

self-produced extracellular polymeric substance. Within this micro-ecosystem, 

synchronised existence is seen between the various bacterial communities exhibiting 

specialised phenotypes, such as differing expression of surface molecules, nutrient 

utilization, antibiotic resistance and division potential which enables the bacteria to survive 

in hostile conditions [49]. However, bacteria within the biofilm are difficult to culture and 

thus, not easy to assay using the currently available microbiology and clinical tests. 

A variety of specialised microscopic techniques including Scanning Electron Microscopy 

(SEM), Transmission Electron Microscopy (TEM), Confocal Scanning Laser Microscopy 

(CSLM) have been applied to show the presence of in-vivo bacterial biofilms on sino-nasal 

mucosa in animal models and humans. The literature reporting biofilms in-vivo has mostly 

been descriptive, and lacking in quantitative detail. Quantification of biofilms can be useful 

in studying the temporal nature of biofilm development, as well as assessing the influence 

of varying environmental conditions on biofilm phenotype, and analyzing the effects of 

novel treatments for biofilm related infections. In this study we describe the application of 

the COMSTAT2 computer program [278] for quantifying biofilm structures seen on 

CSLM images of sinonasal mucosa, in a sheep model of rhinosinusitis. 
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5.3 METHODS 

At The Queen Elizabeth Hospital surgical workshop facility in Adelaide, South Australia, 

with the approval of Animal Ethics Committees of the University of Adelaide and the 

Institute for Medical and Veterinary Science, four adult male merino sheep were included 

in the study to form bacterial biofilms in the frontal sinuses as per the previously 

established sheep biofilm sinusitis models [167].   

BACTERIAL INOCULUM 

A pure strain of Staphylococcus aureus clinical isolate with proven in-vitro biofilm 

forming capacity was procured from the department of Microbiology at The Queen 

Elizabeth Hospital in Adelaide. The frozen glycerol stocks were first subcultured overnight 

at 37
o
C in 3ml CSF broth (Oxoid) on a shaker and again on Columbia Horse Blood Agar 

(Oxoid) for 12-18 hrs at 37
o
C. To prepare the inoculum, single colony units from the plate 

cultures were added to 0.45% sterile saline and adjusted to a 0.5 McFarland units, and 

transported on ice for instillation into sheep sinuses. 

ENDOSCOPIC SINUS SURGERY 

The first part of the procedure for biofilm formation in the frontal sinuses is endonasal 

endoscopic access to the frontal sinus under a general anaesthetic. Intra-venous induction 

with sodium thiopentone via the internal jugular vein, followed by endotracheal intubation 

and maintenance anaesthesia with 1.5-2% isoflurane inhalation was given. The sheep were 

placed supine on the operating table and the nasal mucosa topically decongested with co-

phenylcaine forte nasal spray (ENT technologies, Victoria, Australia). An endoscopic 

middle turbinectomy with removal of the anterior ethmoid complex was performed to 

reveal the frontal sinus ostium in each nasal cavity of all the sheep.  
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The sinonasal mucosa was give time to heal over a 3-4 wk period and the sheep then 

underwent a second general anaesthetic for the second part of the procedure which 

commenced with frontal sinus trephination, and identification of the frontal ostium intra-

nasally with the help of 1% fluorescein flush through the frontal trephine. Vaseline-coated 

gauze was used to occlude the frontal recess endoscopically to ensure a water tight seal of 

the frontal sinus. 1 ml of the prepared dilution of S. aureus inoculum was instilled into both 

the frontal sinuses via the mini-trephines, which were then capped and left in-situ. The 

sheep were then held in approved pens for 7 days to allow for bacterial biofilms to form. 

After the 7-day incubation period, for optimum biofilm formation to have occurred, the 

occluding packs were removed from the frontal recesses of the sheep to allow ventilation 

of the sinuses again.  

TISSUE COLLECTION  

The sheep were euthanized 24 hrs later and the mucosa lining the inoculated frontal sinus 

was exposed by removing the forehead skin and anterior table of the sinus. The sinus 

mucosa was carefully dissected off the bony walls taking care to maintain its structural 

integrity as far as possible. It was transported in Dulbecco‟s Modified Eagle‟s Medium 

(with no antibiotic additive) (Gibco, Invitrogen, Grand Island, NY) to the laboratory for 

further analysis. Two random samples, 10mm x 10mm in size were cut off from the sinus 

mucosa of both sinuses of each of the 4 sheep; thus a total of 16 specimen samples were 

obtained for staining and imaging from the 4 sheep. 
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SAMPLE PREPARATION  

The specimens were processed and analysed within 2 hours of collection using the Live-

Dead Baclight stain-CSLM protocol described elsewhere [168]. Briefly, each tissue sample 

was washed thoroughly in three separate beakers of sterile MQ water to remove any 

planktonic bacteria. The sample was then immersed in 1 mL of sterile MQ water, to which 

1.5uL aliquots of component A (syto9) and component B (Propidium Iodide) of BacLight 

LIVE/DEAD kit (Invitrogen, Molecular Probes) are added. With this combination of 

stains, cells & bacteria with intact cell membranes stain fluorescent green, whereas those 

with damaged membranes stain fluorescent red. After incubation in darkness at room 

temperature for 15 minutes, sample was rinsed in sterile MQ water to remove excess stain. 

IMAGE ACQUISITION  

The specimens were mounted on cover slips for analysis with a Leica TCS SP5 confocal 

scanning laser microscope (Leica Microsystems, Wetzlar, Germany). The entire area of 

each specimen was scanned for evidence of biofilm structures using a 488nm Argon laser 

and water immersion lens at 20x magnification. Biofilms were identified as clusters & 

towers of immobile, irreversibly attached, intensely fluorescing, live green cocci shaped 

bacteria, approximately 0.5-2 µm diameter. Two different sets of image stacks were 

recorded from the samples - i) 2 random z-stacks, with a total thickness of each z-stack at 

85 µm, at a distance of 0.5μm per slice, were recorded from each of the 16 samples, 

making a total of 32 image-stacks imaged for biofilm evidence. ii) In 4 of the 16 samples, 

an additional 10 image stacks were recorded to map out representative areas of the sampled 

tissue, and compared with the 2 image stacks recorded previously. These 10 image stacks 

were taken randomly from different positions on the specimen. The physical dimensions of 

each stack as recorded by the Leica Confocal microscope at 20x magnification were 

775.0μm x 775.0μm x 85 µm, with a volume of 5.1 x 10
7
 μm

3
of tissue being imaged per 

image stack.  
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IMAGE ANALYSIS USING COMSTAT2 

Using the COMSTAT2 software (http://www.COMSTAT2.dk, Lyngby, Denmark)[277, 278], a 

threshold was set for each z-stack by which the fluorescence emitted by epithelial debris in 

the image background was minimised, while maintaining the biofilm fluorescence as much 

as possible . After applying the individually set thresholds to each stack, biofilm biomass 

(volume/area or µm
3
/µm

2
) was then calculated using the same software. Bio-volume or 

Biomass as calculated by COMSTAT 2 is defined as „the number of biomass pixels in all 

images of a stack multiplied by the voxel size [(pixel size)x X (pixel size)y X (pixel size)z] 

divided by the substratum area of the image stack‟. It is described as volume by surface 

area of the image (μm
3
/μm

2
) and represents the volume of the biofilm in the image stack.  

Threshold values for the first set of 32 z-stacks were set by 3 independent investigators 

(DS, CJ, and AF). All 3 observers manually set the threshold for each image stack at a 

setting that they thought, maintained maximum biofilm visibility in the sample tissue, but 

minimised the background fluorescence emitted by mucosal epithelial cells which is not 

required in the assessment. The threshold values and biomass calculated for each of the 32 

stacks by each of the 3 observers were compared, to identify and assess the degree of inter-

observer variability of threshold settings, which greatly dictate the biofilm biomass values. 

These 32 image stacks were then analysed by a single investigator (DS) three times, at 

monthly intervals to assess the intra-observer variability present in the thresholds set by the 

same observer on the same images at different points in time. The second set of images 

was analysed to compare the biofilm biomass derived from sampling almost the entire area 

of a tissue sample by recording 10 image stacks vs. the biomass calculated from only 2 

random image stacks taken from the same sample.  
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5.4 RESULTS 

S. aureus biofilms were identified using the Baclight-CSLM protocol on all 32 mucosal 

samples as clusters & towers of immobile, irreversibly attached, intensely fluorescing, live 

green cocci shaped bacteria, approximately 0.5-2 µm diameter, seen interspersed between 

the viable (green fluorescence) epithelium and dead necrotic (red fluorescence) tissue (Fig 

1).  As seen in Fig 1a,b,c the images obtained from confocal microscopy of 3 different 

samples clearly show different biofilm formation on the mucosa but it is not possible to 

give a detailed and accurate estimate of what is the precise difference in the three biofilms 

seen on visual assessment only.  

 

 

Figure 1a, 1b, 1c: 20x image stacks recorded from sample by CSLM after staining with 

Baclight. Small arrows show S. aureus biofilms as clusters of intensely 

fluorescing, live green cocci shaped bacteria, approximately 0.5-2 µm diameter, 

seen interspersed between the green fluorescing viable epithelium and red 

fluorescing dead tissue   

Figure 1d, 1e, 1f: COMSTAT2 translation of the above CSLM images into a simplified 3-

dimensional output of the biofilm mass in the tissue by eliminating the 

fluorescence from the background noise, epithelial tissue, and debris. 
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When using the COMSTAT2 application, the image recorded by confocal microscopy is 

translated into a simplified 3-dimensional output of the biofilm mass in the tissue (Fig 

d,e,f).  This is done by setting „threshold‟ levels for each imaged stack, based on the 

software definition of the three-dimensional matrix which has a absolute value of „one‟ in 

the positions where the pixel values in the original image fluoresces above or equal to the 

threshold value and „zero‟ where the pixel values are below the threshold value. Thus, 

intensely fluorescing bacteria in the biofilms were retained in the output image whereas the 

subtle fluorescence from the background noise, epithelial tissue, and debris were 

eliminated from quantitative analysis.   

INTER-OBSERVER RESULTS 

As the threshold setting is an observer dependent step in the analysis, 3 independent  

observers (I, II, III) set the threshold for all 32 stacks separately (Fig 2), and an Intraclass 

correlation coefficient (ICC) was calculated between the thresholds set by the 3 observers 

for each image stack The ICC was 0.59 (P=0.0003, 95% confidence interval 0.25-0.79).  

 

Figure 2: Threshold set by 3 independent observers (I, II, III) on 32 image stacks and 

Intraclass correlation coefficient (ICC) was 0.59 (P=0.0003, 95% CI 0.25-0.79) 
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For further evaluating the inter-observer variability using the 32 stacks, an analysis of 

variance was applied to the set of threshold values recorded by the 3 investigators. The 

means for each observer over the 32 stacks are given in Table 1. Means followed by the 

same letter are not significantly different at P=0.05. On average observer II chose 

thresholds which were significantly lower than either observer I or observer III (P<0.001). 

The residual standard deviation was 11.2. 

Observer I II III 

Average threshold 115.6 b 95.5 a 110.3 b 

Table 1: Means for each observer 

Means of threshold values recorded by each observer over the 32 stacks for analysis of 

variance. Means followed by the same letter are not significantly different at P=0.05. 

INTRA-OBSERVER RESULTS 

Threshold values set at different points of time by a single observer were also found to 

have significant correlation as seen by the ICC: 0.80 (P<0.001, 95% CI 0.68-0.89). The 

means of the 32 stacks for the single observer‟s readings on the three occasions for the 

analysis of variance in assessing the intra-observer variability are given in Table 2. Means 

followed by the same letter are not significantly different at P=0.05. On average the 

observer assigned lower threshold values on the second occasion than on the first or third 

occasion (P=0.02). The residual standard deviation was 8.6, which is about 77% of the rsd 

for inter-observer variability. Thus there is less variability for the one observer over 

different occasions than there is between different observers. This is confirmed by the 

ICCs.  
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Observer T1 T2 T3 

Average threshold 110.3b 105.0 a 110.6 b 

Table 2: Means for each occasion 

Means of 32 stacks for single observer’s readings on three occasions for analysis of 

variance. Means followed by the same letter are not significantly different at P=0.05.  

 

As seen in the figure 3 the average biomass calculated from 2 random z-stacks was not 

significantly different from the average biomass values obtained from 10 z-stacks mapping 

the sample, (p > 0.81in all 4 samples, Mann-Whitney t-test).  
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Figure 3: Comparison of biomass from 10 stacks and 2 stacks within samples 

 

 

 

 



Chapter 5                                                                    Quantitative analysis of in-vivo mucosal biofilms 
                                                                                                  Int Forum Allergy Rhinol, 2011; 00:xx-xx 

 - 113 - 

 

To further estimate the precision of biomass estimates with respect to sample size, the 12 

stacks from one of the above samples were further analysed, assuming that the variation in 

the 12 biomass values used is „typical‟ of the variation which will be observed during 

future experimentation. They had a mean biomass of 0.819 ± 0.344. These 12 values were 

used to estimate the standard error and 95% confidence limits for the mean biomass for 

sample size values of 2 to 50. This was done using 10,000 bootstrap replications at each 

sample size 2, 3, 4, … , 20, 22, 24, … , 50. The results are shown in Figure 4 which plots 

the mean biomass estimate (0.819) together with 95% confidence limits.  We can see that 

the width of the confidence interval and standard error decreases as the sample size 

increases. The question of how many image stacks to record per sample thus depends on 

the precision that is required for the estimate of biomass. If the object is to simply estimate 

biomass of a biofilm then two stacks will provide the necessary information but estimate of 

the biomass will have wider confidence limits. If two treatments are to be compared then 

the minimum clinical difference between the two treatments will thus dictate the higher 

number of image-stacks thus to be recorded based on the information above. 
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Figure 4: The plot shows the results of bootstrap replications carried out to estimate the 

standard error and 95% confidence limits for the mean biomass for sample size 

values of 2 to 50 on the basis of a mean biomass estimate from 12 z-stacks of 0.819 

with a standard deviation of 0.344. It plots the mean biomass estimate (0.819) 

together with 95% confidence limits. The separate line at the bottom of the plot is 

the standard error of the mean. 
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5.5 DISCUSSION 

In this paper we have described a method to quantify the biofilms identified on sino-nasal 

mucosa with Confocal Scanning Electron Microscopy using the COMSTAT2 2 software, 

which is a quick and simple way for analysing large amounts of three-dimensional biofilm 

image data.  

Biofilms formed in natural conditions in-vivo have been difficult to investigate and a 

number of laboratory based experimental biofilm model systems have been developed  to 

study biofilms under controlled conditions [289]. Analyses of various parameters such as 

thickness variability [290]; mean thickness and roughness of cultures [291]; fractal 

dimensions [292]; density, porosity, surface area and mean pore radius [293];  textural 

entropy, area porosity, fractal dimension and maximum diffusion distance [294]; bio-

volumes and areas of microbial colonization [295] have all been described in various in-

vitro models to quantitatively analyse biofilms. The application of the above techniques to 

assay mucosal biofilms is not possible as all of the above parameters have been assessed 

on pure monomicrobial biofilms under controlled in-vitro conditions, on inert surfaces 

where confounding variables linked to the substratum are not involved.  

While describing mucosal biofilms in the nose and sinuses some researchers have 

attempted to provide a subjective and categorical assessment of extent of biofilm seen in 

the samples. Hochstim and colleagues [177, 178] identified biofilms in patient samples 

using haematoxylin-eosin stains and subjectively graded the extent of biofilm as being 

„extensive‟ if it covered more than 50% of the mucosal sample, and „present‟ if it covered 

less than 50% of the sample surface.  Le and Colleagues [179] assessed the percentage 

surface area covered by biofilm in sub-sections of tissue analysed by confocal microscopy 

which was not  representative the entire quantity of biofilm present in the samples.  
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Thus, visual inspection of individual CSLM image stacks is insufficient and not an 

objective assay for quantifying the structural features of biofilms. With an aim to 

circumvent the specialised imaging techniques to assay biofilms, researchers [174, 175, 

182] have described in-vitro techniques to assay the biofilm forming capacity of bacteria 

isolated from CRS patients by culturing clinical isolates in 96-well plates. Biofilm 

production from these clinical isolates in-vitro was quantified by measuring optical density 

and comparing it with commercial positive and negative controls. But as with all controlled 

experiments the biofilm formation in-vitro cannot be truly reflective of the biofilm 

formation in-vivo, which is significantly affected by the dynamic interactions with the host 

tissue.  

COMSTAT2 2 can be applied to assay a three dimensional image recorded by Confocal 

Scanning Laser Microscopy which is being accepted as the imaging modality of choice for 

identifying biofilms. It calculates different features[278, 296] relating to biofilms like 

biovolume, area occupied by bacteria in each layer, thickness distribution and mean 

thickness, area distribution of micro-colonies at the substratum, volumes of micro-colonies 

identified at the substratum, fractal dimension, roughness coefficient, distribution of 

diffusion distances, average and maximum diffusion distance, surface to volume ratio. In 

the present study, only the biomass was assayed as it is the simplest to interpret in 

biological and physical dimensions. Area of at least 1 x 10
5
 μm

2
 has been recommended as 

the minimum area to be investigated in order to obtain representative data for 

Pseudomonal biofilms [297, 298]. Each image stack recorded in our study assayed an area 

of 6 x 10
5
 μm

2
. With 2 random image stacks being recorded from each sinus we assayed a 

total of 12 x 10
5
 μm

2
 per sinus which was obviously more than 10 times the surface area 

recommended above.  
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At the same time we showed in the study that biomass calculated from 2 image stacks was 

comparable to the biomass calculated from 10 z-stacks which were thought to sample out 

greater amount of the specimen. Considering the time and logistics of recording and 

analysing the images, biomass assessed from 2 randomly recorded image-stacks gave 

reliable biomass quantification. 

While applying COMSTAT2 2 to the images, setting the threshold for each image stack is 

the critical step which is observer dependent and defines the amount of biomass in the 

image that will be assessed. If only one investigator acquires and records all image stacks, 

then the gain voltage and offset of the confocal microscope will also be adjusted more or 

less at the same grey level each time for each sample. This in turn takes out the variability 

related to recording of the images at different intensities which can affect the thresholds set 

for COMSTAT2. In our experiment, a single investigator recorded all the images and thus 

the adjusted threshold value varied only between different observers assessing the recorded 

images via COMSTAT2. The threshold set by the 3 different observers in the above 

analysis showed significant correlation suggesting that COMSTAT2 could be reliably 

applied by different observers to obtain comparable results.   

There are some points of caution while recording and assessing the images via CSLM and 

COMSTAT2 2. Firstly, quantification from small micro volumes of tissue may lead to 

some misinterpretation of the spread and extent of biofilm in the more extensive mucosal 

lining of the sinonasal tissue, and hence multiple samples from different regions should be 

sampled to minimise this sampling error. Secondly, over-setting the threshold value may at 

times hide some of the small biofilm elements from the assessment which may be 

significant in the very small biofilm communities being assessed. At times very intensely 

fluorescing cellular components or under-valuing the threshold, can lead to some of the 

background epithelial nuclei being included in the quantification as biomass components. 
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Quantitative analysis of biofilms can be used for a temporal analysis of biofilm 

development, comparison of different types of biofilms formed under controlled 

conditions, analysis of influence of varying environmental factors on biofilms and effect of 

different antibiofilm treatments. Quantification of mucosal biofilms  by the above software 

application may help us to understand the degree of biofilm involvement in sinusitis, and 

possibly analyse if greater sinonasal mucosal coverage of mucosal biofilms correlates with 

more significant disease, hence establishing another link to the causal relationship of 

bacterial biofilms in the pathogenesis of sinusitis.  

5.6 CONCLUSION 

COMSTAT2 software can be reliably used to assay and quantitatively describe the three 

dimensional biofilm structures that are recorded via confocal scanning microscopy in sino-

nasal mucosal samples. This has multiple potential future applications both in 

understanding the aetiologic role of biofilms in CRS as well as objectively assessing novel 

anti-biofilm therapies.  
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6.1 OVERVIEW OF BIOFILMS IN CRS  

Rhinologists are increasingly being faced with a subgroup of CRS patients whose disease 

signs and symptoms fails to improve despite maximal medical and surgical management. 

Factors like nasal polyposis, aspirin sensitivity, smoking, acid regurgitation have been 

reported to affect post-Endoscopic Sinus Surgery (ESS) outcomes [268-271]. Along with 

this multifactorial pathophysiology,  the presence of bioflims may also contribute to the 

ongoing inflammation seen in the recalcitrant sub-group of CRS patients, who continue to 

have persistent sinonasal inflammation and recurrent acute exacerbrations, despite long-

term culture-directed antibiotic therapy and well performed sinus surgery.  

Biofilms are organised communities of bacteria, attached to a biotic or abiotic surface, 

embedded in a mosaic of self-produced extracellular polymeric substance. Within the 

biofilm ecosystem, synchronised existence is seen between the various microbial 

communities exhibiting specialised phenotypes, which enable the micro-organisms to 

survive in the host by resisting the onslaught of the immune system and antibiotic 

treatments. Almost like a highly self sufficient fortress, they persist within tissues, leading 

to chronic inflammation in their surrounding tissues with intermittent acute exacerbations, 

which are the hallmark of biofilm mediated diseases.  

 With the detection of biofilms on the sino-nasal mucosa, it has been extensively 

speculated that these structures may be responsible for propogating recalcitrant and chronic 

pathophysiological processes seen in CRS patients [62, 98, 153-157]. CRS does fulfill the 

diagnostic criteria laid out for identifying biofilm mediated infections [97, 98] i.e 1) Micro-

organisms (bacteria and fungi) are found attached, embedded or within the mucosa lining 

the sino-nasal region, 2) Examination of sinonasal biopsies via various imaging techniques 

has shown evidence of microbial clusters/microcolonies surrounded by the ECM, 3) The 

disease is localised to the nose and paranasal sinuses, 4) The infective process is difficult to 
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control despite culture-directed antibiotic therapies, 5) The samples often are difficult to 

culture despite obvious signs of mucopus and associated inflammation. 

At the same time some studies have described biofilm structures in control specimens 

[172], suggesting that the much hyped role of biofilms in CRS be evaluated further. 

Though it is unlikely that biofilm is passively present in such a high percentage of patients 

who fail medical or surgical management, a recent study [299, 300] based on SEM 

evidence of biofilm presence in non-CRS patients, has stated that sino-nasal biofilms are 

„just a dummy‟ and „another name for a regular mucosal blanket‟. It is noteworthy that the 

results of that study are based on SEM which is known to give false positive results if no 

methods are applied to remove the mucous layer covering a normal sinus mucosa  or  

artefacts arising out of tissue prepration techniques. Also no species specific evaluation of 

the biofilm was conducted in the study to establish if it was composed of pathogenic or 

commensal microbes on a normal mucosa as the normal microbial flora in the body is also 

known to exist in biofilm form.  

Thus mucosal biofilm mediated CRS still needs to be carefully differentiated from the in-

vivo adherence or colonization of the mucosa by mere bystander microbial organisms. The 

associated overt pathological inflammatory response seen in CRS patients to the presence 

of mucosal biofilm structures is a distinguishing feature. Future research should be directed 

at understanding the naturally occurring commensal biofilm systems in the sino-nasal 

regions and their balanced existence with the host tissue which possibly may prevent the 

pathogenic biofilm formation. 
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6.2 NEGATIVE IMPACT ON POST-SURGICAL OUTCOMES 

Ever since the first evidence of mucosal biofilms in CRS patients was published in 

literature, they have been touted as possible factors in propagating the recalcitrant nature of 

CRS. But none of the subsequent publications had conclusively documented the negative 

impact that biofilms may have had on outcomes of ESS for CRS. Bendouah and colleagues 

[183] had found Pseudomonas aeruginosa and Staphylococcus aureus biofilms were 

associated with unfavourable surgical outcomes one year post ESS procedure and a 

retrospective analysis of 40 CRS patients had also shown that patients with biofilms were 

more likely to have symptoms and show evidence of ongoing mucosal inflammation 

following sinus surgery [184]. It is important to note however that both the studies had 

been limited by their in vitro and retrospective design and they used non-validated 

symptom scoring methods and dichotomous or nominal reporting of post-operative 

outcomes.  

As described in Chapter 2, our prospective study of the impact of biofilms on the post-

surgical outcomes, used internationally accepted, standardised symptom, radiologic and 

endoscopic scoring systems [2, 259, 260] and has shown that biofilm positive patients had 

worse objective disease and poorer post-operative outcomes than biofilm negative patients. 

Biofilms were detected in 71% of our study population using the Baclight-CSLM protocol 

standardised previously [168]. Pre-operatively, the biofilm positive group had significantly 

worse Lund-Mackay radiology scores [260] and significantly poor Lund-Kennedy 

nasendoscopy scores [259] as compared to the biofilm negative group, indicative of a more 

severe pre-operative disease in those patients. The biofilm positive patients‟ symptoms and 

quality of life outcome measures started worsening significantly starting six months after  

surgery, indicating that this subgroup of CRS patients continues to have an ongoing 
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relapsing and recalcitrant course. The patients with biofilms had ongoing infective 

episodes and ensuing inflammation resulting in mucosal oedema, discharge and crusts. 

Some more recently reported studies have shown similar poor outcomes in patients with 

biofilms after endoscopic sinus surgery. Hochstim and colleagues [178]  provided evidence 

for association of biofilms with persistent inflammation after endoscopic sinus surgery. 

They identified biofilms in 15 of the 24 patients using FISH and Confocal scanning 

microscopy, and found that patients with biofilms had significantly persistent and 

prolonged inflammation as indicated by mucosal edema or erythema as compared to 

patients without biofilms. They however did not find any association between the presence 

of biofilms and prior ESS, and once again used nominal outcome measures. Zhang and 

colleagues [301] identified biofilms intra-operatively in 20 out of 27 patients in their study 

population, and looked at identifying bacterial biofilms on postoperative sinonasal mucosal 

biopsies taken from areas of post-surgical edema or scar identified on nasendoscopy from 

these patients. They demonstrated biofilms in 4/6 scar tissue samples and 5/9 edema 

samples using SEM, indicating a persistence or regrowth of biofilms after treatment.  In 

their study too, the patients with intra-operative and post-operative biofilms had more 

severe preoperative radiology scores and worse Lund-Kennedy endoscopy scores after 6 

months of follow-up.  

Hai and colleagues [302] aimed to determine if endoscopic sinus surgery had any impact 

on bacterial biofilms. They assessed the in-vitro biofilm forming capacity of bacterial 

isolates cultured before and 3 months after the surgery from endoscopic nasal swabs, and 

found that ESS brought about a reduction in bacterial biofilms, but did not eliminate them 

totally. The decrease in biofilms however did not correlate with improvement in nasal 

endoscopic score after surgery. Thus the presence of bioflims may well contribute to the 

ongoing inflammation even after well-performed surgery.  
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6.3 BURDENING MEDICAL COSTS 

Patients who have biofilms on their sino-nasal mucosa tend to have more severe disease 

which persists with ongoing mucosal inflammation and recurrent infections, even after 

well performed surgery by experienced surgeons. Postoperatively, three fourths of the 

biofilm positive patients in our study described in chapters 2 and 3, required extra visits to 

a tertiary rhinologic clinic, apart from the standard planned care [265, 303]. These 

additional visits resulted from the patients developing sinus symptoms requiring medical 

opinion or due to ongoing inflammation in the sino-nasal region prompting the surgeon to 

review them at more frequent intervals than expected. These extra consults reflected the 

on-going disease in these patients, possibly as a result of the inflammation set up by the 

persistence of biofilms within mucosa preserved at surgery. The extra-consults in turn 

result in an increased burden on the healthcare system, extra financial costs to the patient 

and work days lost.  

Also as seen in our study [265] as well as described in other publications [168, 184], 

patients with biofilms underwent more number of previous sinus surgeries. Almost 75% of 

the patients who were undergoing revision sinus surgeries in our studies showed evidence 

of biofilms. This supports the hypothesis that biofilms may play a role in perpetuating the 

recalcitrant nature of chronic sinusitis, with the patients requiring repeated surgical 

interventions despite maximal medical management. Additionally, more than 90% of the 

patients with biofilms in our study showed a tendency to undergo more extensive 

procedures like Full-FESS and another third of them required a frontal drillout procedure. 

Whereas only 67% of the biofilm negative patients underwent a Full-FESS and only a 

tenth of them required a drillout procedure. This was once again reflecting the more severe 

disease seen in patients with biofilms, necessitating a more extensive surgical intervention. 
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Residual biofilms after surgery may reseed the regenerating epithelium and serve as a 

nidus for further biofilm formation. The biofilm may act as a stimulus for ongoing 

inflammatory response, as well as releasing planktonic forms of bacteria periodically as a 

part of its life cycle leading to acute exacerbations on top of the chronic process. The high 

rates of intra-operative and post-operative bacteria cultured from the biofilm positive group 

in our studies reflects this periodic planktonic transformation of biofilm bacteria. In 50% of 

the patients in the study described in Chapter 2 mucopurulent discharge was detected on 

endoscopy during the post-surgery follow-up. Swabs taken for microbiology evaluation 

from them cultured bacteria in 70% of biofilm positive cases post-operatively. 40% biofilm 

positive cases cultured bacteria on more than one follow-up visit; and 60% of the biofilm 

positive patients grew the same bacteria on multiple different occasions. All of those 

patients underwent repeated antibiotic treatments based on conventional microbiology 

principles of identifying antimicrobial sensitivities, which targeted only the planktonic 

microbial forms and not the biofilm forms.  Thus, the misdirected antimicrobial treatments 

only increased the health care costs associated with each acute exacerbation of the chronic 

disease, while a therapy directed against the biofilm forms might have been more fruitful 

in improving the outcomes.  
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6.4 SPECIES SPECIFIC BIOFILMS: PROGNOSTIC INDICATORS?  

As described above, we had clearly shown that in general the presence of biofilms on the 

mucosa of CRS patients is associated with more severe disease preoperatively, persistent 

post-operative symptoms, ongoing mucosal inflammation & infections following ESS 

[265]. However, that study had used Baclight stain to identify the mere presence and 

absence of biofilms on the sinus mucosa and that technique precludes species 

identification. Thus we could not describe which bacterial species formed biofilms in the 

clinically symptomatic patients or which species specific biofilms were associated with 

poorer outcomes after surgery. Fluorescence in situ hybridization (FISH) techniques using 

species specific probes have been described to identify the various bacterial species 

forming biofilms in CRS patients [172, 173, 256].  And a retrospective analysis of CRS 

patients in whom biofilm forming organisms were known demonstrated that different 

biofilm species display different disease characteristics [266]. Haemophilus influenzae 

biofilms were found in patients with mild disease, whereas Staphylococcus aureus biofilms 

were associated with a more severe surgically recalcitrant disease profile. But the results of 

the study were limited as it was a retrospective review and applied non-validated symptom 

scoring methods and nominal reporting of post-operative endoscopic outcomes. 

 Thus, we conducted a prospective study and used FISH probes for the commonly 

identified bacterial species forming biofilms identified in different study populations [98, 

172, 173, 256] i.e. S. aureus, H. influenzae, P. aeruginosa and fungal probes, to identify 

which species specific biofilms are associated with poor post-treatment outcomes. It is 

obvious that we may have possibly missed out identifying some clinically relevant biofilm 

forming species like S. pneumoniae and M. catarrhalis and thus were unable to define their 

disease outcomes. But we were limited by the number of species specific probes that could 
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be applied to tissue samples as a result of limitations imposed on by the logistics related to 

the size of the biopsy specimen, cost of the probes and time for processing the samples.  

We used standardised internationally accepted symptom, radiologic and endoscopic 

scoring systems [2, 259, 260] as the validated outcome measures, and thus more 

convincingly found that different bacterial biofilms are associated with different disease 

progression after ESS. As described in chapter 3, S. aureus biofilms were identified in 70% 

of the biofilm positive patients in our study and this group progressed poorly with their 

subjective and objective post-ESS outcomes. They were found to play a dominant role in 

negatively affecting the outcomes of ESS with persistence of post-operative symptoms, 

ongoing mucosal inflammation & infections. The patients with S. aureus biofilms thus 

required more follow-up visits when compared to the remaining biofilm patients indicating 

that repeated infections and persistent disease prevail in this subgroup. S. aureus has been 

identified in different study populations as the most common bacteria isolated from 

patients with surgically recalcitrant disease [272, 274, 276, 304], and we have also 

identified it as the most common biofilm forming organism found on intraoperative 

mucosal specimens and post-operative sinonasal cultures from infected sinuses [265].  

On the other hand, in our study, patients with unimicrobial H.influenzae biofilms had the 

least severity of disease pre-operatively and post-operatively had a rapid resolution of 

signs, symptoms and quality of life outcome measures similar to patients without biofilms. 

The interest in the role H. influenzae may play in pathogenesis of CRS has recently been 

rekindled, with studies identifying H. influenzae biofilms commonly on sinonasal biopsies 

[172, 173, 256]. Surprisingly, no unimicrobial P. aeruginosa biofilms were seen in our 

study population, though it has been commonly reported to occur as a predominant 

bacterial species forming biofilms in some other studies. In our research it was found to 

coexist with other microbial species and hence the disease profile associated with a P. 
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aeruginosa biofilm could not be defined. The very small population of patients with single 

species fungal biofilms in our study had mild disease, though the recovery of signs and 

symptoms was more protracted. 

 Thus a clinically relevant species directed biofilm analysis will help in determining the 

possible at risk group of patients and guide a more directional research towards the 

elimination of those biofilms. This specific knowledge may help in developing novel and 

species specific anti-biofilm treatments against biofilms like those formed by S.aureus 

which may enable us to aggressively treat those patients and help in improving the post-

surgical outcomes of ESS. 
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6.5 POLYMICROBIAL BIOFILMS 

CRS is typically a polymicrobial disease described on the basis of standard culture 

techniques. Biofilms in CRS are also formed by different species of bacteria and 

Staphylococcus aureus, Streptococcus pneumoniae, Haemophilus influenzae, 

Pseudomonas aeruginosa  are some of the bacterial species that have been frequently 

identified growing in the biofilm form on the sino-nasal mucosa of CRS patients [172, 

173]. Additionally, 50-70% of the biofilms in CRS specimens have been shown to be 

polymicrobial based on FISH-species specific probes and Confocal microscopy [173, 175]. 

As described in chapter 2, we found that the number of species within a biofilm is also a 

significant predictor of disease progression as they are associated with more severe disease 

pre-operatively, when compared with patients with single species biofilms. Post-

operatively these patients had worse post-surgery mucosal outcomes on endoscopy 

requiring significantly more number of post–operative visits to the rhinology clinic.  

In our small study population, the patients in whom H .influenzae, P. aeruginosa, fungal 

biofilms co-existed with S. aureus biofilms disease patterns were again reflective of the 

refractory and recalcitrant pathogenic mechanisms of staphylococcal biofilms, indicating 

that S. aureus biofilms play a dominant role in determining disease severity and guiding 

postoperative course.  When H. influenzae, P. aeruginosa or fungal biofilms combined 

together as a polymicrobial biofilm without S. aureus the disease pattern was once again 

milder and reflective possibly of their mild pathogenic effects. These two pieces of 

information further support the theory that S. aureus plays a dominant role in CRS 

biofilms.  

The polymicrobial complexity of biofilms has been intensely studied in conditions like 

periodontitis and dental plaques, and many significant interspecies interactions have been 



Chapter 6                                                                                                      Discussion: Polymicrobial biofilms 

 - 132 - 

highlighted since [305]. Co-culture models have shown that in a polymicrobial biofilm, 

Streptococcus pneumoniae is protected against β-lactam antibiotics when it co-exists with 

β-lacatmase-producing strain of Moraxella catarrhalis [306].   In our study, the negative 

impact on post-treatment outcomes was observed to be more pronounced when the S. 

aureus biofilms occurred as single species biofilm and was somewhat attenuated when 

they occurred along with other microbial biofilms.  
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6.6 FUNGAL BIOFILMS IN CRS 

Direct evidence for the existence of fungal biofilms in CRS has been conspicuously absent 

despite the extensive knowledge in the scientific world regarding the role that fungal 

biofilms play in various environmental and medical scenarios. There have been a few 

studies which have described fungal elements using FISH probes and CSLM in rhinology. 

Whilst studying bacterial biofilms on sinonasal tissue, Healy and colleagues [256] 

incidentally detected fungal elements within bacterial biofilms but could not determine if 

these fungi produced biofilms. Foreman and colleagues [173] using a pan-fungal 

Fluorescent In Situ Hybridisation (FISH) probe to screen tissue biopsies from CRS patients 

found non-specific fungal elements showing biofilm like structures, which may have been 

non-specific attached fungal elements rather than embedded biofilms containing the 

possible pathogenic filamentous fungi. As described in chapter 5 we have been able to 

demonstrate that pathogenic filamentous fungi, often identified in CRS patients, can form 

biofilms in-vitro on primary sinonasal epithelial cell cultures. The techniques applied to 

develop the in-vitro fungal biofilm model have further helped in developing an animal 

sheep model of fungal sinusitis in which fungal biofilms have been grown in the frontal 

sinuses of sheep [280].  

A. fumigatus biofilm grown under controlled in-vitro conditions on the primary culture of 

sino-nasal epithelial cells was seen to form structurally and developmentally similar to 

those described in other Aspergillus biofilm models [248, 253, 255]. We also found that 

the appearance of A. fumigatus attached to the epithelial cell monolayer differed markedly 

from the smoky gray-green woolly to cottony textured colonies described when grown on 

potato dextrose agar. On microscopy the „cottony‟ foci of growth from agar slopes 

displayed a dense clump of branching hyphae radiating from a central clump of spores with 

no matrix produced around them. In contrast the biofilm form of growth described in 

chapter 5 was seen to start when the spores of A. fumigatus first attached to the surface of 
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the cells and this was then followed by the formation of a coordinated network of hyphae 

spreading in all directions, in between the host cells, cross-linking with each other to form 

a parallel-packed matrix. This led to the formation of a structure of high stability and 

protection with an intricate network of channels and passages. The mature multi-layered A. 

fumigatus biofilm formed a thick mat of hyphae and cells, which appeared to be bound by a 

thick, impermeable gel like substance which in vivo may act as a physical barrier between 

the fungal cells and clinically used anti-fungal agents thus leading to the ongoing 

colonisation of fungi in the sinuses despite maximal treatment. Loussert et al [281] have 

recently described galactosaminogalactan and galactomannan as the major polysaccharides 

forming the ECM in A. fumigatus biofilms, which may be a possible target for anti-fungal 

treatments directed at Aspergillus biofilms. 

It is probable that this biofilm form of filamentous fungi may provide links in addressing 

the controversies regarding the role of fungi in pathogenesis of CRS or other forms like 

AFRS.  It has been speculated that some Aspergillus allergens (Asp f proteins) secreted 

after conidia have germinated into hyphae participate in the development of the differential 

protective / allergic immune immune processes [286], but the exact mechanism by how 

this happens has been elusive. The biofilm form of A. fumigatus may prove to be the yet 

unidentified source of the differential antigen expression favoring the initiation of a 

protective (TH1–TH17) or a destructive allergic (TH2) immune response as studies on 

antigenic and protein expression of fungi like Candida [287, 288] have shown differential 

protein expression in fungal biofilm forms as compared to planktonic forms. Filamentous 

fungi in biofilm form are also known to have more productive and metabolically efficient 

enzymatic activities [247]. The biofilm form of A. fumigatus can be a possible efficient 

source of factors like gliotoxin and other uncharacterized high-molecular weight factors, 

which if produced in a sufficient quantity in-vivo, can contribute to airway pathology by 
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damaging epithelial cells and reducing ciliary beat frequency [285], and thus facilitate the  

pathogenesis of chronic rhinosinusitis.  
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6.7 HETEROTYPIC BIOFILMS IN CRS  

Fungal-bacterial biofilms (FBB) [284] are mixed biofilms in which fungi or bacteria act as 

the biotic surface to which another bacteria or fungus adhere. In such „heterotypic 

biofilms‟, symbiotic interactions between bacteria and fungi augment survival by assisting 

surface adherence and improving the protection provided by the complex ECM.  These 

mixed species biofilms are known to have better growth and colonization abilities.  

Co-existence of fungal and bacterial biofilms as heterotypic biofilms has been reported in 

varied environments [283, 284].  One such study focusing on bacterial–fungal interactions 

has shown that 78% of the 50 patients with stomatitis had C. albicans and S. aureus 

existing as a mixed species biofilm [307]. This study demonstrated that the bacterial 

biofilm possibly makes the host environment more conducive for fungal biofilm formation 

by lowering the pH in the surrounding tissues. Implant related biofilm infections are also 

frequently reported as mixed species biofilm infections especially in case of indwelling 

catheters [308-310], and they display a more complex ECM which makes them much more 

resistant to antibiotic and antifungal therapy. Another study examining interactions 

between C. albicans biofilms and other bacterial biofilms [311] showed the ECM had an 

important role to play in the co-colonization of bacterial-fungal biofilms.  Specifically, 

bacteria which produce glycocalyx, such as S. aureus, were better able to adhere to 

Candida biofilms. 

Co-existence of fungal elements and bacterial biofilms has been described in CRS patients. 

Foreman and colleagues [173] found that out of the 11 patients in whom they identified 

fungal biofilm like structures, 7 also demonstrated S. aureus biofilms, 2 had H. influenza 

biofilms present. Healy and colleagues [256] also demonstrated the presence of fungal 

elements within bacterial biofilms on mucosal samples from sinuses of 7 of the 11 patients 

in their study. However they could not ascertain if they were viable fungal elements or if 

they were in a biofilm form. In our study described in chapter 2, we found fungal detection 
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correlating with bacterial biofilm presence in CRS patients [265]. Fungus was isolated 

from 6 of the 36 biofilm positive subjects by either staining or culture, but no fungus was 

isolated from any of the biofilm negative patients. 80% of patients who had eosinophilic 

mucin, suggestive of hypersensitivity to undetected fungi showed bacterial biofilms. All of 

these findings indicated towards some form of interaction between fungi and bacteria 

possibly in a biofilm form that had so far not been identified and could possibly hold an 

important key to understanding the etiopathogenesis of bacterial/fungal CRS. 

Further work done to develop an in-vivo animal model of fungal sinusitis [280] has applied 

the techniques described in Chapter 5 to identify the possible proliferation of fungal spores 

into biofilm form in the sinuses of sheep. That study has shown that fungi alone do not 

readily form biofilm structures in otherwise non-inflamed sinuses and S. aureus biofilms 

were identified as an important co-factor for fungal persistence and proliferation in the 

sinuses in a biofilm form. Following inoculation of sheep sinuses with Aspergillus 

fumigatus and Alternaria alternata spores only, no fungal growth was detected. However 

when the fungal spores were co-inoculated with S. aureus, 80 % of the sinuses showed 

evidence of fungal biofilm as well as S. aureus biofilm formation. In this model, it is 

possible that the mucosal reaction to S. aureus, with the associated inflammatory milieu, 

resulted in an environment where fungi could proliferate. Such a reaction may include 

mucosal disruption, interfering with delicate innate immune defences, such as mucosal 

integrity, cilia & mucus motility, secretion of antifungal enzymes by host tissue, and toll-

like receptor signalling.  

Complex symbiotic interactions between bacteria and fungi can have profound effects on 

the virulence and survival of these organisms. Thus the possible existence of bacteria and 

fungi in biofilm form in CRS patients would also indicate a symbiotic co-existence, better 

protected from the host defenses and antimicrobial therapies, thus playing a key role in 

CRS pathogenesis.  
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6.8 IN-VITRO MUCOSAL BIOFILM MODELS  

As dictated by Koch‟s postulates, chronic infectious processes have so far been targeted at 

a molecular, cellular, organism level instead of a community level as seen in biofilms. The 

standard microbiological techniques developed to identify pathogenic microbes are based 

upon the simplistic principle of single organisms multiplying in culture media and thus fail 

to identify biofilm communities which form and develop via more complex interactions. 

The antibiotic susceptibility tests are also limited by the use of above conventional 

techniques as they test the efficacy against suspensions or cultures of planktonic microbes. 

Conventional antimicrobials target individual micro-organisms via cellular or molecular 

mechanisms and are not aimed against microbial communities.  

Biofilms can be studied in-situ within their natural environment or ex-situ by removing 

intact biofilm materials and analysing them in a laboratory. In addition biofilms can also be 

investigated via various in-vivo and in-vitro models. Although clinical specimens or in-

vivo animal models have provided an ideal method to investigate biofilm related 

pathological conditions, in-vitro models are equally important as they allow investigation 

of specific biofilm phenotypes and mechanisms of resistance under controlled conditions. 

In-vitro models described range from simple and basic closed system biofilm models like 

those grown on agar plates or multi-well plates; to open system biofilm models like flow 

cells, biofilm fermenters, and reactors [312]. But the lack of an ideal model system has led 

to selection of different models based on user preferences, with the need to simulate in-situ 

conditions with ease, which can be reliably replicated.  

Apart from ex-situ clinical specimens to study biofilms on sinonasal mucosa, and some 

animal models to replicate biofilm environments within sinuses [163, 167], laboratory 

models are also being adopted and refined to study biofilms in the pathogenesis of CRS 
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[174, 175]. Woodworth and colleagues [169] grew Pseudomonas aeruginosa biofilms 

supported on mouse nasal septal epithelium in air-liquid interfaces, to develop an in-vitro 

model for trialling novel anti-biofilm treatments for CRS.  In the study described in 

Chapter 5, we used primary cultures of sino-nasal epithelial tissue taken from patients 

undergoing ESS, so that the substratum on which the biofilms grew was as similar as 

possible to those in-vivo conditions in CRS patients. Although the influence of the innate 

immune system could not be simulated with just the epithelial monolayer of cells, the 

continuous-flow co-cultures were set up to mimic mucociliary clearance and to evaluate 

the formation of the biofilm in conditions similar to the sino-nasal physiology.  
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6.9 QUANTIFYING MUCOSAL BIOFILMS 

Microbes within the biofilm are difficult to culture and thus, not easy to assay using the 

conventional microbiology and clinical tests. A variety of specialised microscopic 

techniques have been described in literature to identify, image and describe mucosal 

biofilms in-vivo and in-vitro conditions. Techniques assaying biofilm growth kinetics by 

dry-weight measurements have been applied to demonstrate the increased formation of 

ECM in biofilms[255]. But the dry weight measurement is applicable only to a pure 

biofilm developed in-vitro setting where confounding contribution from an underlying 

substratum like host cells in mucosal samples is not present. Colny forming units from a 

disrupted biofilm [180] or comparing the optical density of crystal violet or safrannin 

stained biofilms [174, 175, 255, 313] with commercially available standards has also been 

used for quantitative assays of biofilms formed in-vitro conditions. Again, these assays are 

not applicable to the biofilms detected in-vivo conditions or on ex-situ tissue samples. 

Confocal Scanning Laser Microscopy is widely being accepted as the imaging modality of 

choice for identifying and studying the 3-dimensional structural formation of biofilms. 

With CSLM, a more accurate imaging of viable biofilms is possible with minimal 

disruption of their 3 dimensional structures.  But even with the use of CSLM, the literature 

reporting mucosal biofilms in rhinology has been mostly descriptive, and lacking in 

quantitative detail. As described in Chapter 4, biofilms identified on sino-nasal mucosa 

with Confocal Scanning Electron Microscopy can be quantified using the Comstat 2 

software, which is a quick and simple way for analysing large amounts of three-

dimensional biofilm image data.  

Comstat 2 calculates different features [278, 296] relating to biofilms like biovolume, area 

occupied by bacteria in each layer, thickness distribution and mean thickness, area 
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distribution of micro-colonies at the substratum, volumes of micro-colonies identified at 

the substratum, fractal dimension, roughness coefficient, distribution of diffusion 

distances, average and maximum diffusion distance, surface to volume ratio. There are 

some points of caution while recording and assessing the images via CSLM and Comstat 2. 

All samples need to be imaged and recorded by the same investigator to ensure that the 

gain voltage and offset of the confocal microscope is set at the same level, which in turn 

takes out the variability relating to the images recorded at different fluorescing intensities, 

which in turn can affect the thresholds set for Comstat. Over-setting the observer 

dependent threshold value may at times hide some of the small biofilm elements from the 

assessment which may be significant in the very small biofilm communities being 

assessed. At times, very intensely fluorescing cellular components or under-valuing the 

threshold can lead to some of the background epithelial nuclei being included in the 

quantification as biomass components.  

A 10mm x 10mm sample taken for analysis at the time of surgery is a very small 

representation of the entire sino-nasal mucosa covering the multiple sinuses in patients. 

The biofilms possibly have a patchy distribution on the sino-nasal mucosa and 

quantification from such small micro volumes of tissue may lead to some misinterpretation 

of the spread and extent of biofilm in the more extensive mucosal lining of the sinonasal 

tissue.  In order to minimise this sampling error, multiple samples from different regions 

and a standardised technique for sampling the sinus mucosa may be required, so that 

Comstat can be applied convincingly to better understand the community structure of 

mucosal biofilms visualised by Confocal Microscopy.   

Sanderson and colleagues [172] had found H. influenzae biofilms on sinus mucosal 

samples of 2/5 control patients and described them as „not as floridly‟ positive as the 

biofilms seen in CRS patient samples. They also found that H. influenzae and S. aureus 
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biofilms observed on CRS patient samples were more extensively distributed as compared 

to S. pneumoniae samples.  This had led to the speculation that biofilms may simply be 

colonizers of the sinonasal cavity or there may be a critical biofilm mass at which an 

inflammatory response may be elicited by the host leading to CRS manifestation. 

Quantification of mucosal biofilms by the above software application may help us to 

understand the degree of biofilm involvement in sinusitis, and possibly analyse if greater 

sinonasal mucosal coverage of mucosal biofilms correlates with more significant disease, 

hence establishing another link to the causal relationship of bacterial biofilms in the 

pathogenesis of sinusitis. It will be a useful tool for assessing the in-vivo effects of novel 

anti-biofilm treatments, and possibly give an answer to the question of how much biofilm 

is pathologically and clinically significant.      
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6.10 TREATMENT OPTION FOR BIOFILMS:  

Studies trialling possible medical therapies against biofilms in CRS have shown that the 

Minimal Biofilm Eradication Concentration (MBEC) was 100 to 1000 fold greater than the 

MIC for some of the currently used antimicrobials [181, 314]. This high concentration 

required to eliminate a biofilm focus in the body is accompanied by adverse effects from 

the antimicrobial agent if administered systemically. Thus the experimental approach has 

mostly focused on topical administration of antimicrobials which can possibly be 

administered in larger doses to achieve higher concentrations in the sinonasal tissues, while 

minimizing systemic absorption and avoiding ensuing adverse effects. Mupirocin is one 

such agent that has shown 90% reduction in S. aureus biofilms in-vitro and animal models 

[179, 315], with significant improvement in signs and symptoms in CRS patients [316] 

when used as an adjunct to nasal lavages. 

Lavages with chemical surfactants like baby shampoo have also shown to be of benefit in 

post surgical CRS patients [317]. Other surfactants like combination of soap like surfactant 

and a calcium ion sequestrating agent, aiming to break the bonds in the EPS have also been 

reported to effectively eradicate S.aureus and P. aeruginosa biofilms under controlled in-

vitro settings. Mechanical disruption of the biofilm by applying hydrodynamic sheer force  

has been shown to further increase the effectiveness of the above surfactant agents in-vitro 

settings [180]. However, hydro dynamically applied surfactant to in-vivo mucosal biofilms 

in the sheep model showed only an immediate reduction in the biofilm, with the effect not 

lasting over a longer period of time [179].  

While the ideal method or agent for controlling and eradicating biofilms is being 

researched, ESS still remains the option which is offered repeatedly to patients with 

recalcitrant CRS. Removal of diseased tissues, unobstructed well aerated sinus cavities and 
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restoration of mucociliary clearance mechanism of the sino-nasal region have been the 

basic fundamentals of treating CRS via ESS. But in attempting to preserve the healthy 

appearing mucosa for a rapid return of the mucociliary clearance mechanism, the biofilm 

foci may also be inadvertently retained which in turn rekindles and perpetuates the 

inflammatory process. In such patients undergoing frequent exacerbations of the disease 

requiring repeated medical treatments despite prior maximal medical management or 

revision surgical interventions despite well-performed prior surgeries, the principle of 

preservation of the healthy appearing sino-nasal mucosa needs to be reconsidered. This 

does make for a difficult choice of either heading back from advanced minimally invasive 

endoscopic sinus surgeries to the more radical surgical approaches in managing patients 

with recalcitrant CRS or of keeping patients on palliative care till an optimum antibiofilm-

treatment is discovered. 
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APPENDIX A: 
 
ABBREVIATIONS IN THESIS 
 
AFRS 

ANOVA 

ATCC 
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CI 

CIVS 
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CO2 

COPD 

 
CNS 
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CT 
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DNA 
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EMCRS 
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FBB 

FCS 
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 Allergic Fungal Rhinosinusitis 

 Analysis of Variance Analysis 

 American Type Culture 
Collection 

 Continuous Flow Culture 

 Colony Forming Unit 

 Confidence Interval 

 Cylindrical Intra-Vacuolar 
Structures 

 Concanavalin A 

 Carbon Dioxide 

 Chronic Obstructive 
Pulmonary  Disease 

 Central Nervous System 

 Chronic RhinoSinusitis 

 Chronic RhinoSinusitis with 
Nasal Polyps 

 Chronic RhinoSinusitis 
without Nasal Polyps 

 Cerebrospinal Fluid 

 Chronic Suppurative Otitis 
Media 

 Confocal Scanning Laser 
Microscopy 

 Computerised Tomography 

 Denaturing Gradient Gel 
Electrophoresis  

 Dulbeco’s Modified Eagle 
Medium 

 Deoxyribo Nucleic Acid 

 Endoscopic sinus Surgery 

 Extra Cellular Matrix 

 Eosinophilic Mucin 
Rhinosinusitis 

 Exopolysaccharide Matrix 

 Fungal Bacterial Biofilm 

 Foetal Calf Serum 

 Functional Endoscopic Sinus 
Surgery 

FISH 

FRS 

GARS 

 

ICC 

INF-γ 

IL-5 

IL-13 

IgE 

IQR  

MBEC 

 
MIC 

MELP 

 
MQ 

mm 

mL 

µL  

OME 

PBMC 

 
PBS 

QOL 

RCT 

SEM 

SNOT-20 

StC 

TEM 

 
TGGE  

 
TH1 

TH2 

VAS 

 Fluorescent In-Situ Hybridisation 

 Fungal Rhinosinusitis  

 Global Assessment of 
Rhinosinusitis Severity 

 Intra Class Coefficient 

 Interferon- γ 

 Interleukin-5 

 Interleukin-13 

 Immunoglobulin E 

 Inter Quartile Range 

 Minimal Biofilm Eradication 
Concentration 

 Minimal Inhibitory Concentration 

 Modified Endoscopic Lothrop’s 
Procedure 

 Milli-Q 

 Millimetre 

 Millilitre 

 Micro litre 

 Otitis Media with Effusion 

 Peripheral Blood Mononuclear 
Cells 

 Phosphate Buffer Saline 

 Quality of Life 

 Randomized Controlled Trials 

 Scanning Electron Microscopy 

 Sino Nasal Outcome Test-20 

 Static Co-culture 

 Transmission Electron 
Microscopy 

 Temperature gradient gel 
electrophoresis 

 T Helper Cell 1 

 T Helper Cell 2 

 Visual Analogue Scale 
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 Impact of Biofilms on Outcomes  of Endoscopic Sinus Surgery 
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 Impact of Biofilms on Outcomes  of Endoscopic Sinus Surgery 
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 Aspergillus fumigatus biofilm on primary sinonasal epithelial culture 
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 Quantitative analysis of in-vivo mucosal biofilms 
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