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ABSTRACT 

OBJECTIVE: To summarize recently published key articles on the topics of biomedical 

engineering, biotechnology and new models in relation to otitis media (OM). 

DATA SOURCES: Electronic databases: PubMed, Ovid Medline, Cochrane Library and 

Clinical Evidence (BMJ Publishing).  

REVIEW METHODS: Articles on biomedical engineering, biotechnology, material science, 

mechanical and animal models in OM published between May 2015 and May 2019 were 

identified and subjected to review. A total of 132 articles were ultimately included. 

RESULTS: New imaging technologies for the tympanic membrane (TM) and the middle ear 

cavity are being developed to assess TM thickness, identify biofilms and differentiate types of 

middle ear effusions. Artificial intelligence (AI) has been applied to train software programs 

to diagnose OM with a high degree of certainty. Genetically modified mice models for OM 

have further investigated what predisposes some individuals to OM and consequent hearing 

loss. New vaccine candidates protecting against major otopathogens are being explored and 

developed, especially combined vaccines, targeting more than one pathogen. Transcutaneous 

vaccination against non-typeable Haemophilus influenzae has been successfully tried in a 

chinchilla model. In terms of treatment, novel technologies for trans-tympanic drug delivery 

are entering the clinical domain. Various growth factors and grafting materials aimed at 

improving healing of TM perforations show promising results in animal models. 

CONCLUSION: New technologies and AI applications to improve the diagnosis of OM 

have shown promise in pre-clinical models and are gradually entering the clinical domain. So 

are novel vaccines and drug delivery approaches that may allow local treatment of OM. 

IMPLICATIONS FOR PRACTICE: New diagnostic methods, potential vaccine candidates 

and the novel trans-tympanic drug delivery show promising results, but are not yet adapted to 

clinical use. 
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INTRODUCTION 

  Otitis media (OM) is a major cause of health care visits, antibiotic prescriptions and 

surgery, especially in the pediatric population (1, 2).  Its complications and sequelae are 

important causes of preventable hearing loss as well as serious infections, particularly in 

developing countries.  

  This report from our ‘Biotechnology, Biomedical Engineering and New Models of 

Otitis Media' panel was drafted by 12 clinicians and scientists who convened during the 20th 

International Symposium on Recent Advances in Otitis Media, Hollywood, CA, USA in June 

2019. We focused on articles on the above topics which were published since the last report 

in 2015 (3).  

METHODS 

  Panel members were assigned to review the following topics: imaging of the tympanic 

membrane (TM) and the middle ear, bioengineering, mechanical models, animal models 

(advances in genetics, microbiology and vaccines), innovative treatment approaches, material 

science and tissue engineering.  

  Each panel member designed a topic-specific key-word search strategy for the various 

electronic databases [PubMed, Ovid Medline, the Cochrane Library and Clinical Evidence 

(BMJ Publishing)].  Databases were searched for publications with an English language 

abstract published from 5/31/2015 to 5/31/2019. Additional relevant articles identified during 

the meeting were added. In total, 132 articles were included in this manuscript.  

RESULTS 

1. Imaging Technologies 
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  Visible light (pneumatic) otomicroscopy is considered the best diagnostic tool for OM 

currently available. Specific features of the TM, such as bulging and redness, are vital for 

making a correct diagnosis (4). However, otomicroscopes are not available everywhere, and 

require training. The second-best option is pneumatic otoscopy; however, it has multiple and 

well documented limitations regarding diagnostic certainty (5-8). To overcome current 

diagnostic challenges in otoscopy, several new technologies are being developed, aimed at 

mapping the TM and assessing and quantifying the presence of middle ear effusion (MEE). 

Table 1 summarizes these recent advances in imaging technologies.  

1.1 Tympanic Membrane 

  Optical coherence tomography (OCT) has been proposed to evaluate structural 

changes of the TM. OCT is an optical imaging technique analogous to ultrasound, enabling a 

cross-sectional view of the TM and the identification of thickness changes and biofilm 

attachment to the TM (9-12). OCT coupled with pneumatic otoscopy enables quantification 

of TM mobility (compliance) and middle ear pressure (13, 14). 

  Optical methods to delineate the three-dimensional (3D) contour of the TM have also 

been explored. One modality utilizes structured light to form a 3D image (15). Another 3D 

imaging method is light field, where a plenoptic camera records numerous measurements, 

corresponding to rays passing through different locations in the aperture. Plenoptic data can 

be demultiplexed to a set of multi-view images forming a 4-dimensional structure called the 

light field. From this, a 3D picture can be computed (16).  

  Another technology is terahertz otoscopy, based on the high affinity of terahertz 

waves for water. This technique has been explored ex vivo, but there is no clinical data to this 

date (17).  

1.2 Middle Ear  
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  Evaluation and diagnosis of the middle ear status using conventional oto(micro)scopy 

and tympanometry have remained dependent on the physician’s experience and interpretation. 

Superior resolution and assessment of the middle ear cavity and its content can potentially 

reduce over-prescription of antibiotics for AOM, ventilating tube (VT) insertion if prolonged 

MEE is detected, and diagnostic exploratory surgery in challenging otologic pathology.  

  High frequency ultrasound (HFUS) has been successfully utilized ex vivo and in vitro 

to visualize middle ear pathologies, like ossicular pathologies, with high resolution (18-20). 

Spectral gradient acoustic reflectometry (SGAR) has been tested to predict the presence of 

MEE, with high sensitivity following short training, but specificity is relatively poor 

compared to tympanometry (21). Transmastoid ultrasound has been used to detect MEE with 

high accuracy, yet improved design of the probe for clinical use is needed (22).  

  Visual light techniques include multicolor reflectance imaging and narrow band 

imaging (NBI). Multicolor reflectance imaging produces high definition images with 

demarcation of morphological structures to detect MEE (23). The technique provides superior 

imagery of middle ear pathology compared to current methods, but patient movement and 

image distortion remain substantial challenges. NBI has been used to investigate middle ear 

anatomy using specific blue and green light wavelengths that interact with hemoglobin to 

enhance illustration of TM vascularity (24).  

  Near infrared light techniques include anti-confocal middle ear assessment and OCT. 

Anti-confocal spectroscopic measurements to assess middle ear inflammation by analyzing 

blood content have been successful in vitro, but in vivo assessment has yet to be conducted 

(25). OCT enables non-invasive characterization of middle ear pathology in vivo, in addition 

to TM imaging (Figure 1). OCT has the largest number of publications over the specified 

time period and, most notably, has been shown to facilitate non-invasive differentiation of the 

type of MEE (9, 10, 20, 26-34).  
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  An otoscope sensitive to shortwave infrared (SWIR) wavelengths of light provides 

two primary advantages over conventional visible light-based pneumatic otoscopy: it can help 

identify MEE based on the strong light absorption by fluid in the SWIR spectral region, and 

can penetrate deeper through tissue, enabling a view of middle ear anatomy behind the TM 

(35, 36) (Figure 2).  

  Raman spectroscopy is able to distinguish serous from mucoid MEEs ex vivo (37).  

Scanning laser doppler vibrometry can detect changes in chinchilla TM motion evoked by 

sound during OM, with reduced amplitudes and a shift towards lower frequencies (38).    

  Synchrotron radiation phase-contrast imaging has shown improved contrast and 

thereby visualization and finite-element modeling of middle ear structures (39). 

2. Bioengineering 

2.1 Computerized Software 

  Artificial intelligence has been used to train computer software to diagnose OM from 

otoscopic images of the TM with a diagnostic accuracy of over 90% (40-42). A computer 

vision system was able to automatically detect VTs in otoscopic images of high as well as 

low quality. The offline training process constructed a 3-layer cascaded classifier, with each 

layer reflecting specific characteristics of the VT. When trained using 215 images, it could 

achieve a 90% accuracy in terms of classifying otoscopic images with and without VTs (43). 

2.2 3D Models  

  3D reconstructions of cadaver ears from patients with chronic OM or cholesteatoma 

has shown reduced volumes of the bony portion of the Eustachian tube (ET) compared to 

normal controls (44).  Computerized tomography (CT) scans have been used to measure ET 

diameter in healthy adults and young children <10 years old who exhibit reduced ET opening 
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efficiency, and thus were considered to be OM prone. A smaller diameter was detected in the 

latter (45).  CT scans can reliably measure the length of the ET cartilaginous portion, but this 

measurement seems to be of limited prognostic value for surgical treatment, i.e. successful 

ET opening dilatation (46).  Multi-scaled modeling has been employed to study if the ET is 

more affected by mucosal adhesion in children than in adults, potentially contributing to their 

increased susceptibility to OM (47). A 3D model of the chinchilla ear, based on X-ray micro-

CT images, has helped characterizing middle ear functions (48). A conventional 2D 

monocular endoscope coupled with a computer-based 3D imaging system has been tested 

during otologic surgery for chronic otitis media (COM), cholesteatoma, otosclerosis and 

cochlear implant, thereby giving 3D vision endoscopic procedures (49). The presence of MEE 

has also been explored by a machine-learning software algorithm able to assess TM mobility 

using speakers and microphones within a normal smartphone (50). 

3. Animal Models 

  Several animal models of OM have been used in recent years. The mouse has become 

one of the favored models because of the mouse life span, its easy breeding and the well-

established methods for introducing genetic modifications. The similarities in auditory 

structure between mouse and human and the similarity of the genomes make the mouse a 

valuable model to study the genetics of hearing. 

3.1 Genetics 

  In the past four years, new genetic models to study the predisposition to OME have 

been developed:  

 (1)  FLI1 and ETS1 are transcription factors known to be homozygous in Jacobsen 

syndrome. They play a role in the development of the nose, middle ear cavity and ossicles. 
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The Fli1+/− and Ets1+/−Fli1+/− mice exhibit hearing impairment associated with chronic 

OM, a small middle ear cavity, and fusions deformities of the ossicles (51). 

 (2)  Ages-with-stiffened-joints mutant mice, which have a point mutation in the Enpp1 

gene develop conductive hearing loss, MEE and ME deformities at an early age (52). 

 (3)  Mutations in the EDA, EDAR and EDARADD genes are associated with the 

development of OM, rhinitis and nasopharyngitis (53). 

 (4)  A point mutation in the Nischarin (NISCH) gene results in the development of 

conductive hearing loss due to chronic OM. Homozygous mice spontaneously develop 

chronic OM at three weeks of age, and sometimes an inflamed TM (54).   

 (5)  BPIFA1, a bacterial permeability-increasing fold innate defense protein, is one of the 

most abundant secretory proteins in the upper respiratory tract. Bpifa1 knock out mice do not 

develop spontaneous OM up to six months, although BPIFA1 is highly expressed in the 

middle ear epithelium. However, deletion of Bpifa1 in Junbo mice resulted in significant 

exacerbation of the phenotype including thickening of the middle ear mucosa and increased 

collagen deposition. This finding indicates a role of BPIFA1 in mucosal protection (55).  

3.2 New Animal Models 

  A novel in vitro model of mouse middle ear epithelial cells, incorporating an air-liquid 

interface (ALI) has been developed (56) and recapitulated the characteristics of the native 

murine middle ear epithelium. After bacterial infection, it mimicked features of the 

epithelium in OM.   

3.3 Microbiology and New Vaccines 
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  Animal models and cell cultures have been used in vaccine research, including studies 

of basic immunologic mechanisms and those aimed at finding vaccine candidate molecules 

and protein carriers (57).  

  Streptococcus pneumoniae (Spn), non-typeable Haemophilus influenzae (NTHi) and 

Moraxella catarrhalis (Mcat) are the major AOM bacteria. With viral-bacterial interactions 

playing an important role in the pathophysiology of AOM, vaccines against respiratory 

syncytial virus (RSV) and influenza virus are being developed (58, 59). 

3.3.1 Streptococcus pneumoniae (Spn) 

  Vaccines against a larger number of pneumococcal serotypes than in the current 10- 

and 13-valent pneumococcal conjugated vaccines are being developed, but no new trials have 

been conducted with them (60). The main findings on research about pneumococcal OM are 

summarized in Table 2. Most research has focused on the identification of virulence peptides 

in both encapsulated and non-encapsulated strains and the investigation of quorum sensing 

peptides in bacterial persistence (61).  

  Recent studies have shown that a secreted metabolite byproduct of the LuxS/AI-2 

quorum sensing system enables Spn to utilize galactose as a carbon source and increases the 

production of capsular polysaccharide and the development of a hypervirulent OM phenotype 

in a mouse model (62). Single nucleotide polymorphisms in the raffinose uptake and 

utilization genes rafR or rafK dictate the nature of pneumococcal disease (63) and genes 

involved in the metabolism of sugars influence the virulence of bacteria during OM in 

chinchillas (64). 

  New vaccines: The pneumococcal polysaccharide capsule has been extensively 

studied because of its role in AOM development (65). Attempts at developing peptide 
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vaccines have involved chitosan nanoparticles, used as vectors for pneumococcal surface 

adhesin protein A (PsaA) (66) and the development of a conjugate recombinant PsaA vaccine 

with the Haemophilus influenzae type b (Hib) polysaccharide (67).  

  Non-encapsulated Spn strains lack genes involved in capsule synthesis. Loss of these 

genes have been shown to dampen the OM phenotype in mouse and chinchilla models (68-

70) (Figure 3). Mice vaccinated with trivalent vaccine including some of these genes have 

shown reduced inflammatory responses in experimentally induced Spn-AOM (69). Hib-PsaA 

conjugate vaccine can induce both anti-Hib and anti-PsaA immune responses in young mice 

and elicits effective protection against Spn-induced AOM (67). 

  These studies emphasize the importance of developing combined vaccines that can 

target multiple virulence factors. 

3.3.2 Non-typeable Haemophilus influenzae (NTHi) 

  The major findings of studies on the pathophysiology of NTHi-induced OM have 

been summarized in Table 3. 

  Several studies suggest that pre-existing effusion in the middle ear of mice that 

spontaneously develop chronic OM promotes infection and persistence of NTHi in the middle 

ear (55, 71). A direct correlation between fluid viscosity and bacterial load has been observed 

in Junbo mice (72). This is supported by a study on children with OME, which identified 

NTHi as the predominant pathogen in MEEs with a higher content of mucins (73). Other 

studies have focused on understanding the factors involved in the persistence of NTHi during 

OM (74, 75). A chinchilla study has revealed that early disease is accompanied by host 

immunosuppression and actin morphogenesis, along with bacterial aerobic respiration (76).  
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  Phase variable alleles in NTHi are involved in epigenetic regulation of several 

virulence genes, and the impact of one such allele being turned ‘ON’ or ‘OFF’ has been 

evaluated. Chinchillas infected with bacteria where the allele had been turned OFF at 

inoculation but shifted ON in the middle ear has shown a more severe disease compared to 

those where it was either inoculated OFF and remained OFF or inoculated ON and remained 

ON (77, 78). An in vitro model of middle ear epithelial cells cultured at the air-liquid 

interface has been developed and used to study the effect of NTHi infection on middle ear 

epithelium (79, 80). 

  Given the genetic diversity of NTHi, there was an increasing interest in “microbiome-

sparing”, i.e. developing approaches targeted towards genes specific to the disease-causing 

strains of NTHi, such identifying surface-exposed proteins (SEPs) in different strains of 

NTHi which can act as receptors, secretory systems and sensors, and function to establish 

host-pathogen interactions (81-85). Another strategy has been to develop new approaches to 

target bacterial biofilms (86).  

  New vaccines: Several outer membrane proteins including outer membrane protein 1, 

2, 4 and 6, Tbp1, Tbp2, protein D, Haemophilus adhesin protein, high-molecular-weight 

protein 1 and 2, and H. influenzae adhesin (Hia) have been reported as possible vaccine 

candidates (87, 88).  

3.3.3 Moraxella catarrhalis (MCat) 

  Key observations from studies on MCat studies have been summarized in Table 4. 

  New vaccines: MCat obtained from patients with OM has been examined with 

genome mining, showing that AfeA, a substrate binding protein, is an excellent candidate 

vaccine antigen. It was present in all examined strains, it is highly conserved among clinical 
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isolates, it expresses abundant epitopes on the bacterial surface, it is highly immunogenic and 

induces protective immune responses in the mouse following aerosol challenge with MCat. It 

is expressed during human infection (89, 90).  Substrate binding protein 2 and sulfate binding 

protein are other promising vaccine antigens candidates (91, 92).  

  MCat components involved in adherence to host tissue have been studied (93). 

Lactoferrin binding protein A and oligopeptide permease A were identified as potential 

candidates for vaccine development (94, 95).  

3.4 Polymicrobial Infections 

  Table 5 summarizes recent findings on polymicrobial infections in OM.  

  Neuraminidase NanA works synergistically with influenza A neuraminidase to 

exacerbate colonization by Spn (58). Intranasal inoculation with live attenuated influenza 

virus before or after intranasal pneumococcal inoculation has been shown to increase the 

transfer of bacteria into the middle ear cavity in mice (96). 

  There has been increasing interest in methicillin-resistant Staphylococcus aureus 

(MRSA) as a cause of OM in combination with other otopathogens in pre-clinical and clinical 

studies (97-100).  

3.5 Viral Infections 

  Apart from influenza virus, there are currently no available vaccines against 

respiratory viruses; no significant advances have been reported in the last 4 years. Yet, it has 

been reported that the administration of RSV fusion protein can induce potent neutralizing 

antibody responses against RSV, which may facilitate the development of an effective 

vaccine (101-103).  
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4. Innovative Treatment Approaches  

4.1 Trans-tympanic Drug Delivery 

  Trans-tympanic drug delivery approaches allow antimicrobials to enter the middle ear 

without systemic side effects. A drug delivery system that forms a strong hydrogel on the TM 

surface has been developed, thus allowing the antibiotic to flux into the middle ear (104). All 

chinchillas (n=10) treated with this 1% hydrogel-ciprofloxacin combination cleared NTHi-

induced OM, in contrast to 63% of animals who received 1% ciprofloxacin ear drops alone. 

In another chinchilla study, trans-tympanic delivery of ciprofloxacin also cleared Spn-induced 

OM (105). Trans-tympanic delivery minimized systemic side effects. 

  Peptides have also been studied for trans-tympanic drug delivery: peptides that can 

actively cross an intact TM into the middle ear were identified in rats with OM (106, 107) 

(Figure 4).The addition of six specific amino acids further enhanced the transport capacity of 

the peptides (108). In an in vitro study done on human TM fragments discarded during 

otologic surgery, human trans-tympanic transport capacity was found to be as effective as that 

of rats, rabbits or guinea pigs (109) (Figure 5). Trans-tympanic delivery of analgesics has 

also been achieved in chinchillas with experimentally-induced AOM (110).  

4.2 Transcutaneous Immunization 

  Transcutaneous immunization against NTHi using band-aids placed post-auricularly 

has been tested in chinchillas. The use of antibodies against the major subunit of type IV Pili 

resulted in eradication of NTHi, disruption of mucosal biofilms and rapid resolution of AOM 

(111). One band-aid vaccine resolved experimental NTHi-induced AOM in chinchillas 

significantly faster than saline alone (112).  Monoclonal antibodies directed against specific 

epitopes of bacterial DNA binding proteins common in biofilm matrixes have been shown to 

be highly effective in disrupting biofilms in vitro and resolve experimental OM in chinchilla 

and murine models (86). 
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4.3 Other Treatment Options 

  The effect of caffeic acid phenethyl ester and thymoquinone on OME treatment has 

been studied in a rat model. Submucosal neutrophil leukocyte count was significantly lower 

among rats receiving the intra-peritoneal treatment (10 mg/kg), as compared to rats receiving 

thymoquinone, methylprednisolone, or saline (113).  

  The use of Hypericum perforatum (St. John's Wort) on prevention of myringosclerosis 

after myringotomy has also been evaluated in rats (114). Oral or topical administration of this 

extract suppressed inflammation and fibroblastic activity, thus reducing the severity of 

myringosclerosis. In another study, clarithromycin showed similar effects in an animal model 

(115). 

  Mucosal biofilms play a significant role in OME and many strategies to remove 

biofilms have been investigated. Middle ear irrigation with saline or 1% baby shampoo was 

effective in reducing biofilm formation in chinchilla middle ears. Irrigation treatment did not 

affect hearing, vestibular or facial nerve functions (116).  

5. Materials Science  

  It has been shown in rats that human adipose-derived stromal cells could regenerate 

temporal bone defects following mastoidectomy; rats that received human adipose cells had 

significantly higher bone formation compared to controls (117). Tissue-engineered 

autologous middle ear cell sheets have been examined to regenerate middle ear mucosa lost 

during surgery in a rabbit model. While granulation tissue formation and bone hyperplasia 

were inhibited, increased mucosal regeneration was observed in the cell sheet-grafted group 

compared to controls (118). Ossicular prostheses in which silver nanoparticles have been 

embedded have been tested in vitro and demonstrated that the released silver had an 

antimicrobial effect (119).  
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  Several studies have been promising for improved TM regeneration. Heparin binding 

epidermal growth factor-like growth factor enhances regeneration of TM perforations in mice 

(120). In another study in rats, epidermal growth factor-releasing nanofibrous patches showed 

improved TM healing (121). Similarly, improved TM regeneration has been achieved using 

chitosan patch scaffolds incorporated with insulin-like growth factor-binding protein 2 in a rat 

model (122). Bioprinted acellular grafts have been developed to treat TM perforations with 

the use of endoscopic imaging to create customized grafts, showing improved healing in 

chinchillas (123). In humans with small to moderately sized perforations, bacterial cellulose 

graft myringoplasty as an alternative to fat graft/temporal fascia myringoplasty have shown 

similar post-operative healing and hearing results (124). The use of gelatin sponge soaked 

with fibroblast growth factor during myringoplasty may also improve TM regeneration (125, 

126).  

  A novel VT made from Nitinol with titanium dioxide coating has been shown to 

inhibit biofilm formation in vitro when inoculated with a carbenicillin-resistant Pseudomonas 

aeruginosa strain (127).  

  ET balloon dilation has been introduced to overcome ET dysfunction and its sequala, 

chronic OM, yet evidence is only available from case series showing short-term improvement 

of symptoms (128, 129). To prolong the effect of ET dilation, the application of a stent has 

been proposed. A cobalt-chrome coronary stent introduced from the nasopharynx into the ET 

has been shown to enhance middle ear ventilation in sheep (130). Whether this intervention 

has an effect on the disease course of OM remains to be seen. 

DISCUSSION 

  New ways of preventing, diagnosing and treating OM have continued to be 

investigated, though most new findings have not yet been translated to testing in humans. 



18 

 

Prevention with polymicrobial vaccines and the targeting of multiple antigens is promising in 

the laboratory, but it remains to be seen to what extent OM could be prevented in a clinical 

setting, and whether the effect would be lasting.  

  Improving the diagnostic accuracy of OM to avoid unnecessary antibiotic overuse 

without compromising the outcome for those actually suffering from the disease is still of 

high priority. Easy-to-learn, reliable diagnostic methods could improve the management, 

especially of pediatric patients, with OM, but the techniques have to be widely used and 

taught, and affordable for doctors in primary care if they are to make a difference.  

  Trans-tympanic drug delivery has the potential to reduce not only systemic side 

effects for the individual, but also the selective pressure of antibiotics, thus giving a scope for 

a slow-down of antimicrobial resistance development.  

IMPLICATIONS FOR CLINICAL PRACTICE AND FUTURE RESEARCH GOALS 

  Further development of new techniques may provide better ways of diagnosing, 

preventing and treating OM and its sequelae. The use of experimental models to further 

elucidate the basic properties of disease mechanisms shows promising results and warrants 

further exploring.  Further development of these novel modalities may provide an enhanced 

ability to diagnose middle ear disease in conjunction with, or as replacement of, current 

technologies in the future. They might also make it easier to evaluate new means of 

prevention, pharmaceutical delivery or surgical intervention studied clinically or in animal 

models. The use of experimental models to further elucidate the basic properties of the 

disease mechanisms to be able to target new treatment models shows promising results and 

new fields to explore further.   
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FIGURES AND LEGENDS 

Figure 1: Optical coherence tomography (OCT) images of the tympanic membrane (TM) and 

underlying middle ear space.  Top: Both normal thickness and monomer (thinned) portions 

(arrow) of the TM can be assessed in OCT’s cross-sectional views.  Bottom: Middle ear 

effusion (MEE) and air-fluid boundary (arrow) can be directly visualized as well using OCT. 

Figure 2: Otoscopy Images on the SWIR.  

(A) With evidence of the promontory and incus seen through the tympanic membrane.  

(B) Blackout effect in otitis media with effusion due to water absorption in the SWIR. 

 

Figure 3: A novel in vitro model of the primary mouse middle ear epithelial cells.  

Timeline for culture of mouse middle ear epithelial cells (mMECs). Bullae were dissected, treated 

with pronase for dissociation of the epithelial cells, and fibroblasts were excluded from culture by 

differential adherence to plastic (A). Epithelial cells were grown in submerged culture until 

confluence (B), before ALI was induced (C). Cultures were terminated at ALI day 14, at which point 

the cultures were composed of flat polygonal and compactly clustered pseudostratified cells with 

active cilia (D).  

Scale bar: 200 µm.  

This figure has been adapted with permission from Disease Models & Mechanisms 2016 9: 

1405-1417; doi: 10.1242/dmm.026658 

 

Figure 4: A phage display library was used to investigate trans-tympanic delivery.   

In this method, bacteriophages are genetically engineered to express one of 1010 random 

peptides on surface filaments.  Peptides were selected by application of successively selected 

libraries to the surface of the TM, with sampling from the middle ear, which resulted in 
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library collapse to several very rare sequences that could actively cross the membrane 

carrying phage as cargo. 

 

Figure 5: (A) In vitro assay developed to evaluate transport of a phage bearing a trans-

tympanic peptide across fragments of the TM, from the upper to the lower chamber.           

(B) Transport of a trans-tympanic peptide phage TM-3 across the tympanic membranes of 

various species, including the human membrane. 

 



30 

 

Table 1: Recent Advances in Middle Ear Imaging 

Technique Basic Principles Purpose Results Benefits/Limitations References 

Acoustic Techniques 

High frequency 

ultrasound 

(HFUS) 

HFUS waves are used to 

visualize behind the 

eardrum. High frequency 

waves allow for higher 

resolution at smaller 

depths. 

Visualization of 

middle ear anatomy 

and pathology. 

HFUS allows for 

visualization of the 

middle ear past an 

intact TM in real time. 

HFUS enables visualization of 

middle ear and contents, however 

no in vivo studies have been done 

and HFUS may not translate to 

imaging through thicker soft 

tissue 

(18-20) 

Spectral gradient 

acoustic 

reflectometry 

(SGAR) 

Inaudible sonar waves are 

reflected off the middle 

ear wall to assess the 

presence/absence of 

effusion. 

MEE detection. SGAR has high 

sensitivity, but suffers 

poor specificity. 

SGAR has a high negative 

predictive value, and is relatively 

easy technology to use clinically, 

even on less than compliant 

patients. SGAR however cannot 

(21, 50) 
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detect effusion 

progression/clearance or 

differentiate from AOM. Also, 

SGAR is not superior to nor 

synergistic with tympanometry. 

Transmastoid 

ultrasound 

Detection of effusion via 

the mastoid air system. 

MEE detection. Transmastoid 

ultrasound has a high 

accuracy rate (81%). 

Transmastoid ultrasound has a 

high accuracy but overcoming 

states when probes cannot be 

inserted into the external ear 

canal is a drawback. 

(22) 

Visible Light Techniques 

Multicolor 

reflectance 

imaging 

By incorporating RGB 

(multicolor) narrow-band 

reflectance imaging to a 

Detection of AOM, 

MEE, and 

cholesteatoma 

The high definition 

images depict middle 

ear mucosal structures 

Multicolor reflectance imaging 

provides high quality imagery of 

middle ear pathology. However, 

(23) 
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standard video otoscope, 

differences in tissue 

properties can be 

assessed.  

to a better extent, 

combined with better 

demarcation of 

morphological 

structures. 

this technology is particularly 

susceptible to patient movement 

and image distortion. 

Narrow band 

imaging (NBI) 

Narrow band light 

penetrates the tissue at 

different depths and 

indicate areas of 

hypervascularity. 

Improved 

visualization of 

tissue based on 

varying degrees of 

vascularity. 

NBI is a feasible 

technology for 

measuring the extent 

of a disease, and small 

residual disease is not 

ignored. 

NBI enables differentiation of 

healthy and diseased tissue, and 

the extent of the disease. 

(24) 

Near Infrared Techniques 

Anti-confocal 

middle ear 

Spectroscopic 

measurements to assess 

MEE detection. On phantom ear 

models, human MEE 

While this in vitro study shows 

promising results for detection of 

(25) 
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assessment inflammatory states of 

middle ear, by analyzing 

blood content. 

inserted was detected. MEE, extrapolation into use in 

humans may prove less capable 

due to patient movement. 

Optical 

coherence 

tomography 

(OCT) 

Low coherence 

(broadband) 

interferometry (light 

interference) penetrates 

the tissue to obtain depth 

visualization in high 

resolution. Scanning the 

near infrared beam 

laterally enables 2/3D 

imaging.  

MEE detection and 

differentiating 

acute or chronic 

OM states. 

Using the TM 

thickness combined 

with the presence of 

MEE enabled 

differentiation of fluid 

type. Additionally, 

OCT uniquely enables 

visualization of middle 

ear biofilm structure in 

vivo. 

OCT enables structural and 

dynamic visualization of TM 

thickness, middle ear contents (as 

well as MEE differentiation), and 

biofilm structure, in high 

resolution. While OCT can be 

used to visualize the ossicles, it 

cannot image through them. Yet 

multiple clinical studies have 

been conducted using OCT, and 

this modality has the largest body 

(26-34) 
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of evidence of the imaging 

techniques discussed.  

OCT: 

Quantitative 

pneumatic 

otoscopy 

Measure TM micro-

displacement differences 

using a pneumatic OCT-

otoscope. TM compliance 

and middle ear pressure 

are calculated via 

displacement amplitude 

ratio. 

MEE detection and 

differentiating 

acute or chronic 

OM states. 

Proof of technical 

capability shown, 

wherein decreased 

compliance in MEE 

cases, decreased 

amplitude ratio in 

AOM cases, due to 

positive middle ear 

pressure. 

Pneumatic OCT-otoscopy 

enables objective quantification 

of both middle ear mobility 

(compliance) and middle ear 

pressure. However, this 

technique still suffers the 

requirement of an ear canal seal 

to collect data. 

(14) 

OCT: TM 

thickness 

mapping 

TM thickness mapping 

using a 1-D OCT-

otoscope and sampling 

Visualization of 

middle ear anatomy 

and pathology. 

Proof of concept 

shown, wherein TM 

thickness was seen to 

While this new application for a 

low-cost OCT device shows 

promise, this approach struggles 

(11, 38) 
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TM thickness 

measurements at 500 

different TM locations. 

increase 100-200% 

when MEE and/or 

AOM are present. 

with differentiation of MEE type 

and suffers a relatively long 

image processing time. 

Radiology Techniques 

Synchrotron 

radiation phase-

contrast imaging 

(SR-PCI) 

A phase-shifted beam 

interferes with the 

original beam to produce 

measurable fringes that 

correspond to the surfaces 

and structural boundaries 

of the sample. 

Visualization of 

middle ear anatomy 

and pathology. 

SR-PCI edge-

enhancement provides 

clearer visualization of 

bone structure and 

brighter borders for 

higher density 

structures, as well as 

soft tissues like TM, 

ligaments, and joints. 

SR-PCI provides improved 

contrast and detectability of soft 

tissue in intensity profile 

compared to absorption contrast 

micro-CT. Images provide a 

more accurate 3D reconstruction 

of the ossicles. However, this 

radiative imaging modality poses 

standard health risks. 

(39) 
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Table 2: Recent Advances in Research on Spn induced OM 

Field of research Model Key results References 

Identification of novel virulence 

peptides and quorum sensing 

pathways 

Chinchilla 

middle ear 

epithelial 

cells 

A novel virulence peptide 1 (vp1), under the Rgg family of transcription regulators, was 

characterized.  

Infection with mutant Vp1 pneumococcal strain produced biofilms with reduced biomass 

and thickness which was restored by addition exogenous synthetic VP1. 

(131) 

Mouse 

model 

briC (Biofilm regulating peptide induced by Competence) gene was identified as a novel 

peptide involved in pneumococcal competence and virulence and induced by the ComE, 

the master regulator of quorum sensing competence signaling pathway. 

Mice challenged with briC-deleted mutant of the D39∆ pneumococci show reduced 

bacterial counts in nasal lavages. 

(132) 

Rat model Transbullar infection of rats using Spn strain with mutation in the quorum sensing 

component, LuxS, led to no biofilm formation in the middle ears and resulted in lower 

bacterial titers in the middle ear effusions. 

(62) 
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Targeting the pneumococcal 

polysaccharide capsule 

Mouse 

model 

Uncapsulated pneumococci were more susceptible to in vitro phagocytosis assays and 

exhibited reduced ability to colonize the nasal passages in an in vivo murine model in 

comparison to capsulated variants.  

(65) 

Chitosan nanoparticles were used as vectors for pneumococcal surface adhesin protein A 

(PsaA), a lipoprotein common to all serotypes of pneumococcus. Intranasal inoculation 

of mice with these particles induced protection against pneumococcus (serotype 14) 

induced AOM. 

(66) 

Mice immunized with a conjugate recombinant PSA vaccine with the Hib polysaccharide 

(Hib-PSA) improved elimination pneumococcus and reduced inflammation of the middle 

ear. 

(67) 

Targeting non-encapsulated 

strains (NESp) of pneumococci 

Mouse and 

chinchilla 

models 

NESp expressing AliC and AliD are were found to be more virulent compared to mutants 

and enhanced murine nasopharyngeal colonization 

The OM phenotype was significantly attenuated in absence of AliC and AliD in the 

chinchilla model.  

(70) 
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Table 3: Recent Advances in Research on NTHi induced OM 

Pathophysiology of NTHi induced OM 

Novel emerging concepts Animal model 

utilized 

Supporting observations References 

Pre-existing middle ear 

inflammation in genetic models 

of OM can provide a niche in 

which micro-aerophilic bacteria 

such as NTHi can successfully 

establish an infection and 

persist following transfer 

through the ET 

Evi1Jbo/+ (Junbo 

mouse)- 

spontaneous chronic 

OM   

Single intranasal dose of NTHi in a model of spontaneous OM development 

induced robust infection rates of up to 90%. 

Pre-existing middle ear fluid was a pre-requisite for successful NTHi infection. 

(71) 

Bpifa1-/-Evi1Jbo/+- 

spontaneous chronic 

OM 

Loss of the putative innate immunity protein BPIFA1 alone did not cause 

spontaneous or NTHi-induced OM development in young mice, but deletion of 

BPIFA1 in the pre-existing inflammatory Junbo middle ears led to significant 

exacerbation of OM severity. 

(55) 

Clinical features such as the Evi1Jbo/+ (Junbo NTHi was absent in the serous ear fluids, but almost 100% ears containing highly (72) 



39 

 

type and viscosity of middle ear 

fluid pathology can influence 

bacterial load during OM 

development 

mouse)- 

spontaneous chronic 

OM   

viscous fluid were culture positive.  

Viscous fluids were accompanied by higher neutrophil infiltration and 

percentage of necrotic and apoptotic cells and reduced number of monocytes. 

Suppressor T-cells (Treg cells) 

confer infectious tolerance to 

NTHi in the middle ear during 

chronic OM, contributing to 

persistence of infection and 

inflammation 

Trans-bullar NTHi 

inoculation of 

murine bullae 

followed by 

persistently 

blocking the ET for 

2 months with the 

introduction of a 

gelatin plug post 

infection 

Culture positive ears showed mucosal inflammation and elevated of Treg cells. 

Depletion of Treg cells caused a 99.9% reduction in NTHi bacterial counts in the 

middle ear fluids and in levels of pro-inflammatory cytokines. 

(74) 
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Intracellular entry of NTHi 

contributes to bacterial 

persistence during OM 

Chinchilla model  

In vitro NTHi 

infection of 

chinchilla middle 

ear epithelial cell 

line 

Heme-iron restriction of NTHI led to bacterial entry into epithelial cells and 

formation of intracellular bacterial communities (IBCs). 

IBCs survive the hostile microenvironment by escaping the endolysosomal 

pathway for degradation. 

Prevention of macropinocytosis in cultured middle ear epithelial cells reduced 

the number of IBCs. 

(75, 76) 

NTHi variable regulons 

contribute to increased disease 

severity 

In vivo chinchilla 

infection with NTHi 

ModA2 variants 

NTHi variants in which ModA2 was OFF at inoculation but shifted ON in the 

middle ear showed a more severe disease phenotype than those with challenged 

with NTHi variants, that were either inoculated OFF and remained OFF or 

inoculated ON and remained ON. 

(77, 133) 

A novel model of the murine 

middle ear epithelium 

NTHi infection of 

primary cultures of 

mouse middle ear 

This new in vitro model recapitulates the differentiated in situ murine middle ear 

epithelium as indicated by expression of various epithelial markers at a 

transcriptional and proteomic level. 

(79, 80) 
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epithelial cells at the 

Air-liquid interface 

The model demonstrated effectiveness for studying longitudinal NTHi infections. 

Development of Therapeutic Strategies 

Strategy Animal model 

utilized 

Key findings References 

Targeting intracellular bacterial 

persistence by blocking 

invasion of NTHi into host 

cells 

Chinchilla model  

In vitro chinchilla 

middle ear epithelial 

cell line 

Pharmacological blockade of the actin-remodeling complex, Arp2/3 which is 

involved in invasion of NTHi by the host cells prevented the formation of IBCs. 

Inhibition of macropinocytis and re-direction of internalized bacteria towards the 

endolysosomal pathway of degradation can serve as a therapeutic intervention. 

(76) 

Identification of surface-

exposed proteins (SEPs) 

Infant rat model of 

AOM 

Antisera against five of the most highly SEPs offered protection to NTHi 

invasive infection. 

(81) 

Rabbit Identification of antibody accessible moieties on the intracellular elongation 

factor thermo-unstable (EF-Tu) protein that are capable of mounting a host 

(82) 
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immunization immune response. 

Evi1Jbo/+ (Junbo 

mouse) 

Haemophilus outer member lipoprotein e (P4) acts as a receptor for host 

extracellular matrix proteins lamin, fibronectin and vitronectin. 

P4 deficient NTHi showed reduced binding to extracellular matrix and reduced 

middle ear infection. 

(83) 

Chinchilla model  

 

Antisera against NTHi outer membrane vesicles resulted in an opsonophagocytic 

killing of homologous and heterologous NTHi strains. 

Immunization with prototype OMVs provided protection to infection by 

homologous strains of NTHi. 

(134) 

Chinchilla model Macrophage survival factor (Msf) was identified as a new NTHi virulence gene 

family. 

Deletion of Msf1-4 displayed decreased in phagocytosis and survival in 

(85) 
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macrophages which was restored by a single copy of msfA1 gene.  

Broad spectrum approach for 

biofilm disruption 

Chinchilla model Monoclonal antibodies (MAbs) against DNA-binding tip regions of the alpha- 

and beta subunits of the DNAIIB protein, integration host factor (IHF) disrupted 

biofilm formation. 

(135) 

Combinatorial immunization Chinchilla model – 

novel 

transcutaneous route 

combining the majority subunit of Type IV pili (Tfp) of NTHI called rsPilA in a 

vaccine formulation with the DBAIIB protein, IHF significantly resolved 

planktonic and adherent populations of NTHi. 

(86) 
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Table 4: Recent Advances in Research on MCat induced OM 

Field of research Model Key results References 

Study of mechanisms by which 

MCat adheres to host tissue 

Smoke-induced COPD 

mouse model 

Clinical isolates of Mcat adhered to network-forming collagens IV and VI 

and fibrillar collagen types I, II, and III through the trimeric autotransporter 

adhesins ubiquitous surface protein A2 (UspA2) and UspA2H receptors. 

UspA2 and UspA2H deletion mutants showed reduced adherence to the 

respiratory tract in the COPD mouse model, compared to wild-type bacteria. 

(93) 
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Table 5: Recent Advances in Research on Polymicrobial OM 

Field of research Model Key results References 

Polymicrobial infection of 

viruses and Spn  

Mouse and 

chinchilla 

models 

Mice inoculated by pneumococci deficient in the primary neuraminidase, 

NanA exhibited reduced nasal colonization which was only partially 

restored upon co-infection with IAV, which also expresses neuraminidase. 

IAV potentiated middle ear colonization by NanA-deficient pneumococci to 

a lesser extent that the Wt strain. 

Intranasal vaccination of mice with live attenuated Influenza virus before or 

after pneumococcal increased the transfer of bacteria into the middle ear. 

(58, 96) 

Precedent intranasal infection of chinchillas with Wt type 5 adenovirus 

increased the incidence of middle ear infection upon challenge with Spn. 

Inoculation with non-replicating mutant adenovirus led to less frequent 

middle ear infection. 

(136) 
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Polymicrobial infection of 

MRSA with other otopathogens 

Rat model RNA-sequencing of total transcriptome after co-infection of rat middle ears 

by MRSA and Pseudomonas aeruginosa showed that exclusive differential 

induction of a number of host response genes that were not expressed with 

single species infection.  

(97, 100) 

Rat and guinea 

pig models 

Eugenol, a naturally occurring phytogen and the KR-12 peptide of human 

cathelicidin LL-37 were shown to have an antimicrobial effect against 

MRSA. 

 

 







Figure 1



Upper
Plate

Lower
Plate

Silicone
Gasket

TM
Fragment

---

10 mM

Dye + 
Phage

Ph
ag

e 
R

ec
ov

er
y

1 Hour Incubation on
The TM In Vitro

A B

Figure 2






