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Thesis Abstract 

Background: Septorhinoplasty is a common procedure, and when native septal cartilage is 

insufficient for grafting during reconstruction, a variety of alternatives are currently used with varying 

success. Thus, the aims of this thesis are threefold: 1) summarise the evidence for current alternative 

grafts, 2) identify emerging alternatives, and 3) assess the feasibility of a novel hybrid graft in nasal 

reconstruction.  

Methods: The first chapter of this thesis establishes a foundational understanding of the anatomy and 

function of the nose and septorhinoplasty. This contextualises the second chapter which utilises a 

systematic review of the literature to qualitatively evaluate complication rates of current alternative 

grafts. Furthermore, emerging alternatives are summarised. One of these emerging grafts, a hybrid 

bioactive-polymer scaffold (actv-graft®), is then used in a feasibility study in three sheep after ethics 

approval and grant acquisition in chapter 3.  

Results: The results of six systematic reviews were qualitatively synthetised in chapter 2. Biologic 

grafts were generally associated with higher rates of warping, revision surgery, donor-site morbidity, 

and resorption. Synthetic grafts were more commonly associated with extrusion, infection, and 

removal surgery. No single alternative graft was ideal. Tissue-engineering and hybrid bioactive-

polymer scaffolds were identified as two emerging fields. In chapter 3, actv-graft® was found to be 

biocompatible, biodegradable, have favourable volume augmentation over time, and stimulate host 

infiltration within the graft. 

Conclusion: Cost-effective, easily procured, patient-specific, bioactive, and biodegradable scaffolds 

are required in septorhinoplasty. This thesis establishes the feasibility of a promising graft. However, 

a longer and larger cohort animal study would aid in characterising the safety profile, chondrogenic 

potential, and degradation rate of actv-graft® prior to human trials. 
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Chapter One – Introduction 

Anatomy and Function of the Nose 

The nose is a midline structure that is pyramidal in shape and serves respiratory, olfactory, speech and 

aesthetic purposes(1). Embryologically, it has contributions from the mesoderm, neural crest, and 

ectoderm(2). Its cartilage is hyaline and derived from neural crest mesenchyme(3). The external nose 

is comprised of skin, supporting tissue and an osseocartilaginous framework(4). The latter 

osseocartilaginous framework is the focus of this chapter as its structure and function are what grafts 

attempt to recreate or support during septorhinoplasty. The osseocartilaginous framework of the nose 

is separated from the skin by four layers from deep to superficial: 1) the periosteum or perichondrium, 

2) the deep fatty layer in which the vasculature that supplies the nose courses through, 3), the 

fibromuscular layer or superficial musculo-aponeurotic system (SMAS), and 4) the superficial fatty 

layer (Figure 1)(4-6). The osseocartilaginous framework can be divided into three parts or vaults with 

the septum traversing these three regions internally (Figure 2)(7,8).  

The upper one-third is known as the bony vault and is comprised of bilateral nasal bones and the 

frontal process of the maxilla(8). In the midline, its upper border is the nasion at the frontonasal 

suture, and its lower border is the rhinion at the caudal end of the nasal bones(9). Between the upper 

and middle third is the keystone region of the nose(10). The middle one-third, or upper cartilaginous 

vault, contains the upper lateral cartilage (ULC) which is continuous medially with the dorsal septum 

and creates a scroll region with the lower lateral cartilage (LLC)(11). The internal nasal valve exists in 

this region. The lower one-third, or lower cartilaginous vault, is characterised by the LLC and tip of 

the nose, and gives rise to the external nasal valve(12). The LLC is divided into lateral, intermediary, 

and medial crura. The septum acts to divide the nasal cavity whilst providing structure and support 

during the varying aerodynamic forces of respiration. The septum is comprised of the quadrangular 

cartilage which may be harvested for grafting, perpendicular plate of the ethmoid bone, vomer, and 

nasal crest of the maxilla and palatine bones (Figure 3)(13). Caudally the septum contributes to the 

columella which divides the nostrils and contributes to tip support. 
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The keystone region of the nose is an osseocartilaginous unit comprised of bilateral nasal bones, 

ULCs, and the dorsal nasal septum at the osseocartilaginous junction of the perpendicular plate of 

ethmoid and quadrangular cartilage(14). Its importance to the structure and stability of the nose is 

held in its name, however it also has relevance to the aesthetics of the nose as it contributes to the 

nasofrontal angle. The scroll region is created at the junction of the ULC and LLC as the caudal 

aspect of the ULC curls up to meet the downward curl of the cephalic aspect of the LLC(15). This 

junction is also home to the intercartilaginous ligament. The scroll region acts to support both the 

internal and external nasal valve and contributes to the aesthetic of the nose. 

The internal and external nasal valves are crucial considerations to airflow dynamics during 

respiration(16). When these regions are anatomically weak and collapse, they create turbulence and 

can limit airflow. Together, the septum and ULC create the medial and lateral walls of the upper 

cartilaginous vault respectively. The region between these walls and the anterior aspect of the inferior 

turbinate creates the internal nasal valve. The external nasal valve is bounded by the LLC, columella, 

and the nasal spine of the maxillary crest(17).  
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Rhinoplasty and Septoplasty 

Rhinoplasty and septoplasty are reconstructive procedures that alter the form and/or function of the 

nose. Rhinoplasty is the term often used to refer to external reconstructive attempts, whilst septoplasty 

focusses on reconstruction of the septum internally. At times, these terms are combined as 

septorhinoplasty when reconstructive work is required both internally and externally. Congenital and 

acquired pathologies of the nose can impair its function and form, necessitating septorhinoplasty(18). 

Abnormal growth of the frontonasal and maxillary prominences during gestation can lead to 

congenital pathology such as cleft palate or changes in the septal orientation leading to septal 

deviation(2). Trauma, malignancy, and iatrogenic injury constitute the majority of acquired causes of 

nasal deformity(19). Of the acquired causes, trauma is the most common with the nasal bones or 

septum being the major sites affected. Whilst nasal bone trauma can affect the stability of the 

keystone region, fractures to the septum often dislocate it off the maxilla, leaving the keystone as its 

primary structural attachment(14). The most common site of skin cancer on the face is the nose, and 

by its disease progress or in its treatment, this malignancy can alter the shape and thus function of the 

nose(20).  

Although nasal obstruction in the context of nasal deformity is rarely life-threatening, its ramifications 

are widespread. With the nasal passage contributing over half of the total resistance within the upper 

airway, chronic nasal airway obstruction can contribute to obstructive sleep apnoea which itself has 

further impacts on a patient’s quality of life and health(21-23). Symptomology from nasal obstruction 

can be evaluated by tools such as the Nasal Obstruction Septoplasty Effectiveness scale (NOSE)(24) 

or Sinonasal Outcome Test-20 (SNOT-20)(25). Furthermore, the shape and position of the nose on the 

face has a significant impact on perceived facial symmetry and thus an individual’s perception of their 

appearance which influences their social interactions(26,27). Through surveys of patients with facial 

deformities, key social metrics such as trustworthiness, employability, and interpersonal relationships 

have been shown to be negatively affected by their facial deformities(28). Thus, both aesthetic and 

functional reasons are considered as indications for septorhinoplasty. 
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In the reconstruction of the nose, a multitude of grafting techniques are employed and can be best 

thought of by location (Table 1)(29). An in-depth review of all grafting techniques during 

septorhinoplasty is outside the scope of this chapter. However, the most relevant grafting technique to 

this thesis is the dorsal onlay graft which is employed in chapter 3. Dorsal onlay grafts are placed 

longitudinally along the dorsal osseocartilaginous border of the nose to augment and alter its shape 

without bearing significant load (Figure 4)(30). Although septal cartilage can be harvested to act as 

the graft in this technique, this adds extra morbidity and detracts from the stability of the nose. 

Alternative grafts to native septal cartilage in septorhinoplasty are broadly classified as biologic or 

synthetic, however there remains significant limitations associated with each graft(31). 
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Conclusion 

The anatomy of the nose is complex, and reconstruction requires an intimate knowledge of not only 

its anatomy, but also its function. Septorhinoplasty aims to restore function and form to the nose, and 

whilst there are multiple described techniques, a common issue faced is which graft material to use 

when native septal cartilage is insufficient. The following chapter details the common alternative 

grafts in septorhinoplasty and contextualises their clinical utility by describing their complication 

rates from multiple systematic reviews. In doing so, it becomes evident that no single ideal graft 

exists, and promising future directions are reviewed. Consequently, chapter 3 explores one of these 

future avenues - a novel hybrid biosynthetic graft in the nasal dorsum of sheep to determine its 

feasibility in nasal reconstruction. 
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Tables and Figures 

 
Figure 1: The five layers of the nose from Jeong and Kim 2018(5). 

 

 
Figure 2: Anatomy of the nasal thirds in Frontal (a), Sagittal (b) and Axial (c) views. Adapted from Hsu and 

Suh 2018(8). 
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Figure 3: Anatomy of the nasal septum adapted from Hsu and Suh 2018(8). 

 

 
Table 1: Types of grafting techniques based on location from Gunter et al. 2006(29). 
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Figure 4: Dorsal onlay graft positioning from Gunter et al. 1990(30). 
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Chapter Two – Grafts in septorhinoplasty: a systematic review and future directions 

Overview 

Septorhinoplasty is a common procedure that aims to improve nasal function or cosmesis for patients. 

If native septal cartilage is insufficient for grafting material during septorhinoplasty, surgeons face the 

dilemma of which type of graft should be used. Multiple possibilities currently exist in the form of 

autologous costal cartilage (ACC), irradiated homologous cadaveric cartilage (IHCC), and synthetic 

grafts. Given the ubiquity of septorhinoplasty, multiple systematic reviews have analysed these grafts 

with varying conclusions. Furthermore, advances in tissue-engineering and hybrid grafts have 

provided promising avenues for future grafts that may overcome the difficulties encountered when 

using the aforementioned grafts. 

The primary aim of this second chapter is to present a systematic review of the literature on current 

grafts in septorhinoplasty and their associated complication rates. Consequently, it becomes evident 

that no single graft is ideal in all situations. Thus, the secondary aim of this chapter is to explore the 

evolving landscape of nascent graft technology, specifically with regards to hybrid grafts and tissue-

engineering. This chapter is presented as published in the Australian Journal of Otolaryngology. 
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Abstract 

Background: When there is insufficient septal cartilage graft for nasal reconstruction, current 

alternatives include the autologous costal cartilage (ACC) graft, irradiated homologous cadaveric 

cartilage (IHCC) graft, and synthetic (alloplastic) polymer scaffolds. Newer alternatives such as 

hybrid bioactive-biocompatible polymer scaffolds and tissue-engineered cartilage grafts have also 

emerged. With the widespread use of alternative grafts in septorhinoplasty, multiple systematic 

reviews have analysed their complication rates with varying results. This systematic review aims to 

summarise the current body of systematic reviews analysing complication rates for ACC, IHCC, and 

alloplastic grafts in septorhinoplasty. In addition, it aims to provide an overview of the recent progress 

of newer grafts and potential avenues for future research. 

Methods: A comprehensive search of EMBASE, Medline, Google Scholar and EBMR was conducted 

for systematic reviews with more than 10 primary studies analysing complication rates of ACC, 

IHCC, and alloplastic grafts in septorhinoplasty. The Preferred Items for Systematic Reviews and 

Meta-Analyses (PRISMA) guidelines were followed, and the Risk of Bias in Systematic Reviews 

(ROBIS) tool was used. Outcomes for qualitative evaluation included infection, warping, resorption, 

extrusion, hypertrophic scarring, pneumothorax, and revision and implant removal surgery. 

Results: Six systematic reviews were included that analysed ACC with alloplastic grafts (n=2), ACC 

with IHCC grafts (n=1), alloplastic grafts only (n=2), and ACC grafts only (n=1). ACC grafts were 

associated with warping, resorption, revision surgery and donor-site morbidity. IHCC grafts had 

similar complication rates to ACC grafts in specific situations. Infection, extrusion, and removal 

surgery rates were generally higher amongst all alloplastic grafts, although rates varied between 

specific alloplastics. The Corrected Covered Area was calculated as 10.63% limiting direct 

comparison of results between reviews. 

Conclusions: Whilst it is evident that biologic and alloplastic grafts do not fulfil the criteria of the 

ideal graft described in the literature, newer alternatives such as tissue-engineering and bioactive-

biocompatible polymer composites still require more research to characterise their complication rates. 
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Introduction 

The presence or treatment of congenital, traumatic, and oncological defects of the nose can 

compromise nasal airway function and cosmesis. Congenital and traumatic septal deviation is present 

in up to 80% of the general population(3), and facial skin cancer most commonly affects the nose(3). 

A myriad of reconstructive surgical procedures has been described to address congenital and acquired 

nasal deformity, ranging from simple nasal bone fracture reduction, skin graft and local flaps to 

septorhinoplasty and complex microsurgical composite reconstruction. Septorhinoplasty is the third 

most common procedure in the United States, accounting for over $1.1 billion in 2016 alone(32).  

Nasal reconstruction poses unique challenges for a variety of reasons in addition to the obvious 

cosmetic ramifications. The nose is a tri-lamellar structure that is difficult to duplicate synthetically. 

The external skin-soft tissue envelope protecting the internal nasal structures can be thin, and is in 

close proximity with the nasal mucosa which commonly harbours pathogens(33). The outcome of any 

reconstructive procedure must withstand the normal aerodynamic forces of airflow during respiration 

that filters and humidifies air, in addition to air expulsion during sneezing(3).  

Commonly, the native nasal septum alone is sufficient as an autologous cartilage graft donor site for 

addition of structure to the nasal skeleton and volume to the nose. However, when there is insufficient 

septal cartilage for harvest, alternative grafts are necessary. Current alternative grafts to native septal 

cartilage are either biologic or synthetic/alloplastic(34). Biologic grafts are predominantly autologous 

(i.e., autograft), and to a much lesser extent allogeneic (i.e., allograft). Autografts are harvested from 

one anatomical location and used elsewhere on the same individual, making the patient both donor 

and recipient. Traditionally, the autologous costal cartilage (ACC) graft is the gold standard when an 

individual’s nasal cartilage is insufficient during septorhinoplasty. An alternative is the auricular 

cartilage; however it is curved, thin, and scarce(3,34). Allografts, derived from another within the 

same species, are commonly cadaveric irradiated homologous costal cartilage (IHCC) grafts. The 

most common commercially available alloplastic grafts are Medpor (porous high-density 

polyethylene), Gore-Tex (expanded polytetrafluoroethylene), and Silicone. 
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The literature describes the ideal graft in septorhinoplasty on microscopic and macroscopic 

levels(3,34). Biocompatibility, bioactivity, and biodegradability are essential for graft success on a 

microscopic level. Biocompatibility is influenced by the immunogenicity of a graft(3). Grafts with 

low immunogenicity elicit lesser host immune responses, resulting in greater biocompatibility and 

generally lower infection rates. Bioactive factors promote integration by increasing chondrogenesis 

and/or osteogenesis without fibrous tissue encapsulation sealing the implant off(35,36). 

Biodegradation ideally occurs at a balanced rate whereby the graft maintains its properties and 

mechanical strength for an adequate time to allow sufficient host response to form the desired tissue 

before degrading into biocompatible waste products(36). Whilst greater porosity influences cellular 

migration, ingrowth and vascularisation, excessive pore size does hinder strength(36). Generally, 

porosity above 50 µm is recommended as many studies have shown that greater porosity is associated 

with increasing cellular concentration, DNA content, glycosaminoglycan (GAG) and collagen 

synthesis(37).  

Macroscopically, grafts that mimic the biomechanical and functional properties of the target tissue 

without being a vector for disease are ideal(34). In addition to maintaining volume without extrusion 

over time, grafts should resist external and internal physiological forces. Ideal grafts are expediently 

produced or procured inexpensively on-demand to patient-specific requirements, or are intra-

operatively customisable, and are not associated with donor-site morbidity. Infusing grafts with 

antimicrobial agents is preferred in limiting peri-operative infection. 

Considering how common septorhinoplasty is, many studies have analysed complication rates of 

biologic and alloplastic grafts resulting in multiple systematic reviews with varying results. This 

systematic review aims to summarise the complication rates of commonly used septorhinoplasty 

grafts from systematic reviews and provide an overview of emerging alternatives. We present the 

following article in accordance with the PRISMA reporting checklist (available at 

https://www.theajo.com/article/view/10.21037/ajo-22-12/rc)(38).  
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Methods 

Eligibility Criteria  

Systematic reviews with or without meta-analyses including more than 10 primary studies were 

included whilst narrative reviews, case reports, and abstracts were excluded. Furthermore, reviews 

without pooled analysis of complication rates, not full text, not written in English, and not pertaining 

to humans were excluded. 

Information Sources 

Two independent reviewers (B.S.N and A.E.Y) conducted a systematic literature review of four 

databases (Medline, EMBASE, Google Scholar and EBMR) up to the 8th of November 2021 using the 

below search strategy. References of retrieved articles were also manually searched for additional 

articles missed in the original literature review. 

Search Methods 

A search strategy was generated using the PICO structure: Population – patients receiving 

septorhinoplasty for functional or aesthetic reasons; Intervention – ACC grafts in septorhinoplasty; 

Comparison – allogeneic or alloplastic grafts in septorhinoplasty; Outcome – complication rates post-

operatively. The following search strategy was used “(nasal augmentation or nasal reconstruction or 

septoplasty or rhinoplasty or septorhinoplasty) AND ([rib graft or autologous costal cartilage graft or 

cadaveric cartilage graft] OR [alloplastic implant or silicone or Med*por or Gore*Tex])”. Two 

independent reviewers (B.S.N and A.E.Y) selected studies against the pre-defined inclusion criteria 

and any disagreements were resolved by discussion. 

Data Collection and Analysis 

Two independent reviewers (B.S.N and A.E.Y) extracted data regarding study characteristics, 

complication rates and required data to complete a Risk of Bias in Systematic Reviews (ROBIS) 

assessment. Any disagreements were resolved by discussion between reviewers and, where required, 

with senior authors (P.M and S.C). Data extracted and tabulated is as follows:  
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• Study Characteristics included study design, implants (i.e., interventions) analysed, level of 

evidence and included study types, number of included studies and their year range, number 

of included patients, degree of overlap of included primary studies, length of follow-up, 

databases searched, and risk of bias assessment tool used. 

• Complications included infection, warping, resorption, extrusion, hypertrophic scarring, 

pneumothorax, and revision and removal surgery. 

The degree of overlap of primary studies between included systematic reviews was calculated using 

the Corrected Covered Area (CCA) method by two independent reviewers (B.S.N and A.E.Y)(39). 

Considering the degree of overlap of primary studies and heterogeneity between included systematic 

reviews, results of complication rates were described narratively as further meta-analysis was not 

feasible(40).  
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Results 

Search Results 

The initial literature search yielded 494 articles of which 87 were excluded as duplicates. 407 unique 

titles and abstracts were then screened using pre-defined inclusion and exclusion criteria yielding five 

systematic reviews, which were included. Two systematic reviews were excluded in this process as 

they included 10 or less primary studies and thus did not meet inclusion criteria(41,42). Further 

manual searching of the citations of included reviews resulted in one further systematic review being 

included (Figure 1)(38,43). The six included systematic reviews were published between 2008 and 

2020 and analysed ACC with alloplastic grafts (n=2)(32,44), ACC with IHCC grafts (n=1)(45), 

alloplastic grafts only (n=2)(46,47), and ACC grafts only (n=1)(43) (Table 1). 

Quality of Included Studies 

In total, 170 primary studies were cited in the six systematic reviews with 111 of these being unique 

primary studies yielding a CCA of 10.63% which is considered moderate to high overlap(39). Table 2 

is a citation matrix representing the number of overlapping primary studies between any two given 

systematic reviews. Overall, Liang et al. had the most overlap of included primary studies with all 

other reviews (50 citations), however Hudise et al. had the highest degree of overlap of any one 

systematic review (76.7%) (Table 1)(32,44). 

Using the ROBIS tool, two reviews were considered to have a high overall risk of bias representing 

30% of the included reviews(46-48). The most common domain introducing bias was in synthesis and 

findings (50%) (Table 3). Peled et al. did not have pre-defined eligibility criteria, searched a single 

database, did not use a standardised risk of bias assessment tool, and did not employ funnel plots or 

sensitivity analysis in the synthesis of their results(47). Similarly, Hoang et al. did not employ a 

formal assessment of risk of bias or heterogeneity(46).  

Qualitative Synthesis  
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Complications associated with graft use were thematically organised: overall complication, infection, 

warping, resorption, extrusion, hypertrophic scarring, pneumothorax, and revision and removal 

surgery. Complication results in each systematic review for ACC, IHCC, and alloplastic grafts are 

listed in Table 4.  

Overall complication 

Overall complication rates at the recipient site for ACC grafts were 11.4%(43) and 14%(32), and at 

the donor site were 3.2%(43) and 7%(32). One systematic review(44) reported overall complication 

rates irrespective of donor or recipient site as 6.9% for ACC grafts. Overall complication rates for 

alloplastic grafts were found to be 8%(32) and 7.8%(44). No systematic review provided overall 

complication rates for IHCC grafts. 

Infection 

All six systematic reviews(32,43-47) analysed infection rates by graft type. Gore-Tex was found to 

have varying infection rates of 1.3%(32), 1.4%(46), and 4%(47). Medpor demonstrated rates of 

2.3%(32) and 6%(47). Silicone had reported rates of 1.9%(46), 2.1%(32), and 3.7%(47). Combined 

alloplastic graft infection rates were 3.7%(44) and 4.6%(32). ACC grafts were found to cause 

infection at the donor site in 0.6%(43) of cases, and at the recipient site at rates of 2%(45), 2.1%(44), 

2.5%(43) and 6.8%(32). IHCC grafts demonstrated an infection rate of 3%(45).  

Warping and Resorption 

Of the four systematic reviews(32,43-45) reporting rates of warping amongst ACC grafts, only 

two(32,44) documented comparative alloplastic warping rates. One systematic review found the 

combined alloplastic warping rate as 1.6%(44), whilst another differentiated warping rates by 

alloplastic with Silicone having the highest warping rate at 5.1%, Gore-Tex the lowest at 0.9%, and 

no statistically significant data for Medpor(32). Warping was generally higher with ACC grafts 

(5.2%(43), 5.6%(32), and 6%(45)), however one systematic review reported rates as low as 1.5%(44).  



29 
 

One systematic review comparing ACC and alloplastic resorption rates found higher resorption rates 

for ACC grafts (3.9%) compared with Silicone (1.9%), Medpor (2.5%), and Gore-Tex (0.69%)(32). 

Contrastingly, three systematic reviews that analysed resorption rates for ACC grafts found varied 

rates (0.9%(43), 1%(45), and 4.1%(44)). IHCC graft warping and resorption rates were 5% and 4% 

respectively(45). 

Extrusion 

Three systematic reviews(32,46,47) documented extrusion rates. ACC grafts generally extruded at 

lower rates (0.6%(43) and 1.5%(32)). Medpor had higher rates of extrusion (2%(47) and 5.1%(32)) 

than Gore-Tex (1.1%(47), 1.2%(46), and 2.9%(32)). Silicone had varying rates of extrusion at 

0.7%(46), 1.6%(32), and 3.2%(47).  

Hypertrophic scarring and Pneumothorax 

There systematic reviews(32,43,44) reported hypertrophic scarring rates which were generally higher 

for ACC (1.8%(44), 2.9%(43), and 3.8%(32)) than alloplastic grafts (1.5%(44)). Pneumothorax was 

solely associated with ACC grafts, with varying rates between 0.1%(43) and 3.1%(32). 

Revision and Removal surgery 

Six systematic reviews(32,43-47) analysed alloplastic, IHCC and ACC grafts with regards to rates of 

surgical revision or removal. One systematic review showed ACC grafts had lower removal rates 

(1.9%) and higher revision rates (8%)(32). Contrastingly, in the same study alloplastics generally had 

higher removal than revision rates: Silicone’s removal and revision rate was 12% and 3.9% 

respectively, Medpor 4.5% and 5.7%, and Gore-Tex 3.6% and 2%(32). Another systematic review 

showed similar revision surgery rates for alloplastic (3.7%) and ACC (4.2%) grafts(44). IHCC grafts 

had higher revision rates (7%(45)) compared to ACC grafts (5%(45)) which was also reflected in 

another systematic review where the ACC revision rate was 5.4%(43). One systematic review found 

removal rates to be 6.5% for Silicone, and 3.1% for Medpor and Goretex(47). Another systematic 

review demonstrated revision rates of 6.8% for Silicone, and 2.4% for Gore-tex(46). 
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Discussion 

This review identified six systematic reviews with or without meta-analysis that show neither ACC, 

allogeneic, or alloplastic grafts are superior in every clinical situation during septorhinoplasty. 

Warping, resorption, revision surgery and donor-site morbidity were generally higher with ACC graft 

use. Infection, extrusion, and removal surgery were generally higher amongst all alloplastic grafts 

compared to ACC grafts. However, there was variation of these rates between different types of 

alloplastic grafts. IHCC grafts had similar complication rates to ACC grafts with regards to infection, 

warping, resorption, and secondary surgery when used as dorsal onlay grafts only. 

Biologic grafts 

ACC grafts are popular for their intra-operative versatility and low infection risk. In addition to being 

relatively abundant in supply, ACC grafts are sufficiently rigid to provide structural support, or be 

morselised as a filler(34). Being autologous, ACC grafts have inherently low immunogenicity and 

thus low infection rates(3,45). When an infection is present, intravenous antibiotics have greater 

penetrance in ACC grafts compared with synthetic alternatives, thus reducing requirements for 

secondary surgery for ACC grafts due to infection(42). Despite its popularity, there are multiple 

challenges with ACC grafts; donor-site morbidity, longer operating times for harvest, revision surgery 

and warping(43).    

IHCC grafts are a potential solution for the drawbacks of ACC grafts as they have low infection rates, 

no donor-site morbidity, and are readily available eliminating long operating times. Although IHCC 

grafts are irradiated to lower infection risk, this process causes decellularisation limiting in-vivo 

remodelling thereby promoting greater resorption and revision surgery rates(3). Despite this, a recent 

meta-analysis by Vila et al. demonstrated similar rates of warping between IHCC and ACC grafts(45). 

However, their study only included IHCC dorsal onlay grafts where structural support was not 

required(45). Traditionally, IHCC grafts are limited to situations where structural support isn’t crucial 

to compensate for their varying warping rates and poorer retention(45,49). Considering this, IHCC 
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grafts are generally less popular than ACC grafts, contributing to a paucity of long-term follow-up 

studies(49). 

Alloplastic grafts 

Another alternative to ACC grafts is the alloplastic graft. Alloplastics can be cost-effectively 

produced providing an abundance of supply without donor-site morbidity. Whilst some alloplastics 

can be intra-operatively carved to specific dimensions, others can be pre-fabricated to generic shapes 

such as alar battens or L-struts(34). However, there is no readily available alloplastic graft suitable in 

every septorhinoplasty operation(34) and no studies to date have quantitatively compared the 

biomechanical properties of alloplastics with septal or costal cartilage(3,50). Despite this, they have 

been used extensively in select groups(51) . 

Of the three common alloplastics, the softness of Gore-Tex makes it appropriate for dorsal onlay 

grafting but too weak for structural support(34). With intermediate porosity ranging from 10-30 

µm(51), Gore-Tex allows limited tissue ingrowth for stabilisation without promoting significant 

ingrowth(34). Medpor possesses the highest porosity of the three alloplastics (125-250 µm(51)), 

promoting significant tissue ingrowth. Combined with its superior rigidity, this makes Medpor 

suitable for structural support(34). However, this also contributes to Medpor’s extrusion and removal 

rates, with the removal operation being more difficult considering the tissue ingrowth(32). Silicone is 

cheap and easily carved intra-operatively, promoting its use in dorsal onlay techniques(32,34). As 

silicone is non-porous, there is significant fibrous encapsulation and subsequent calcification over 

time promoting the highest complication and removal surgery rates of the three alloplastics (32). 

Interestingly however, the rates of silicone extrusion and displacement amongst Asians are lower 

compared with Caucasians. Asian patients have a thicker skin-soft tissue envelope that likely creates a 

more forgiving environment for silicone implants compared with Caucasian patients(34). 

Consequently, silicone is more popular with Asian surgeons, resulting in greater experience and 

refined surgical techniques(52). 
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In comparing alloplastic and ACC grafts, Liang et al. demonstrated higher removal rates for 

alloplastics compared with higher revision rates for ACC grafts(32). This is likely attributable to ACC 

grafts warping at higher rates but being autologous in nature, often only requiring revision rather than 

removal. Contrastingly, alloplastic grafts extrude at higher rates and are less adept to manipulation for 

revision, therefore requiring removal.  

Limitations 

The major limitation of this systematic review is the heterogeneity of included systematic reviews and 

significant overlap of included primary studies rendering meta-analysis or comparison of results 

between studies unfeasible(39,53). Furthermore, all reviews relied heavily on retrospective studies 

making their level of evidence IV at best. Two of the included systematic reviews were also 

considered to have a high risk of bias which limits interpretation of their results. 

Future Directions 

Tissue-engineered grafts in septorhinoplasty have emerged in the hope of eliminating the drawbacks 

of donor-site morbidity and longer operating times associated with biologic grafts whilst retaining 

their inherently low immunogenicity and tissue versatility. A tissue-engineered graft aims to produce 

biomimetic tissue by utilising the optimal combination of a cellular source, stimuli, and 

scaffolding(54).  

Cellular source in tissue-engineering neo-cartilage is primarily either chondrocytes or mesenchymal 

stem cells (MSCs)(3,54). Although chondrocytes harvested from bovine(55), rabbit(56), and 

ovine(57) sources have been investigated, only autologous sources have been approved for human use 

and thus the issue of donor-site morbidity persists(58). Autologous or allogeneic MSCs can grow 

rapidly but produce fibrocartilage that lacks the loading and stretching properties that hyaline septal 

cartilage possesses(54). Genetic modifications present a future avenue for research to obtain 

appropriate hyaline cartilaginous tissue from MSCs(59,60).  

Stimulation whilst culturing chondrocytes through either 3D culture systems(61), growth factors(62), 

or MSCs(54) is important as chondrocytes dedifferentiate to adopt fibroblastic characteristics after 
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three monolayer culture passages(54). To combat the significant quantity of chondrocytes required to 

engineer the volume of cartilage required in septorhinoplasty, methods such as incorporating 

autologous MSCs(55) and using photocrosslinkable bioinks that can bioprint chondrocytes instead of 

seeding them have been studied(63). However, further research is required to overcome issues of time 

and cost to allow production at scale to be viable.  

Clinically, tissue-engineered grafts have demonstrated promising but limited results(3). There are no 

systematic reviews, meta-analyses, large animal studies, or standardised animal models for tissue-

engineered grafts in septorhinoplasty(3,60-62,64). Only five uncontrolled cohort studies in small 

human populations have been conducted to date without any report of significant adverse events(65-

69).  

Bioactive-biocompatible polymer hybrid scaffolds combine porous biodegradable biocompatible 

polymeric scaffolds with bioactive materials to improve integration and reduce extrusion rates when 

compared to alloplastics(70-72). Whilst no hybrid scaffolds have been approved in septorhinoplasty, 

the success of hybrid scaffolds like Chondrotissue® (Biotissue) in replacing articular cartilage is 

promising(73,74). Wu et al. have demonstrated in-vivo that the combination of a bioactive ceramic 

silica-based glass (Bioglass®) with a polymer scaffold exhibited greater hydrophilicity, adherence, 

and stimulated thicker cartilage-like tissue with better biomechanics than Bioglass® alone(71). Yao et 

al. also demonstrated a hybrid Bioglass®-polymer scaffold had degradation rates and mechanical 

strength superior to Bioglass® alone(72). Characterising the ability of Bioglass®-polymer scaffold 

composites to stimulate chondrogenesis in vivo requires further research. 
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Conclusion 

Our systematic review of six systematic reviews suggests alloplastic, ACC and IHCC grafts are viable 

alternatives when native septal cartilage is insufficient during septorhinoplasty. When selecting grafts, 

surgeons should consider the purpose and complications associated with each graft and educate 

patients appropriately. Whilst ACC grafts remain the preferred alternative, it is evident that the ‘ideal’ 

graft has yet to be achieved. Tissue-engineering and bioactive-biocompatible polymer composites 

hold promise but require further research to overcome their limitations and nascence.  
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Tables and Figures 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 Figure 1: PRISMA flowchart.  
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Author, Year Implant 

Used 

Study Design Level of 

Evidence 

No. of 

studies 

(year) 

No. of 

Patients 

Overlap 

(Overlap/Total 

No. of Studies) 

Follow 

up 

Databases Searched Risk of Bias 

Assessment 

Tool 

Peled et al, 

2008(47) 

Silicone 

Medpor 

Gore-tex 

Meta-analysis 

& Systematic 

Review 

IV 20 (1966-

2005) 

4264 35% (7/20) 4 weeks 

– 11 

years 

MEDLINE N/A 

Hoang et al, 

2018(46) 

Silicone 

Gore-tex 

Meta-analysis 

& Systematic 

Review 

IV 18 (1988-

2016) 

7759 66.7% (12/18) 6 days – 

17 years 

MEDLINE, PubMed, 

Cochrane 

N/A 

Varadharajan 

et al, 2014(43) 

ACC Systematic 

Review 

IV 21 (1980-

2014) 

1545 53.4% (11/21) 3 – 73 

months 

MEDLINE, PubMed, 

Cochrane, EMBASE 

ASPS critical 

appraisal 

checklist 

Hudise et al, 

2020(44) 

ACC 

Silicone 

Medpor 

Gore-tex 

Meta-analysis 

& Systematic 

Review 

IV 30 (1999-

2018) 

1013 76.7% (23/30) 2.5 – 106 

months 

PubMed, Cochrane 

Library, Web of 

Science, Virtual Health 

Library, Google 

Scholar, SCOPUS 

ROBINS-1 

Liang et al, 

2018(32) 

ACC 

Silicone 

Medpor 

Gore-tex 

Meta-analysis 

& Systematic 

Review 

IV 53 (1973-

2017) 

5415 67.9% (36/53) 3 – 72 

months 

EMBASE, PubMed MINORS 

Vila et al, 

2020(45) 

ACC 

IHCC 

Meta-analysis 

& Systematic 

Review 

IV 28 (1990-

2017) 

1041 50% (14/28) 6 – 48 

months 

MEDLINE, EMBASE, 

Scopus, CENTRAL, 

ClinicalTrials.gov 

Cochrane 

Collaboration 

Risk of Bias 

Tool 

Table 1: Summary of Study Characteristics. ACC, Autologous Costal Cartilage; IHCC, Irradiated Homologous Costal Cartilage; ASPS, American Society of Plastic 

Surgeons; ROBINS-1, Risk of Bias In Non-randomised Studies; MINORS, Methodological Index for Non-Randomised Studies. 
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Review Peled(47) Hoang(46) Varadharajan(43) Hudise(44) Liang(32) Vila(45) 

Peled(47) N/A 5 0 1 3 0 

Hoang(46) N/A N/A 0 0 8 0 

Varadharajan(43) N/A N/A N/A 1 7 5 

Hudise(44) N/A N/A N/A N/A 21 5 

Liang(32) N/A N/A N/A N/A N/A 11 

Vila(45) N/A N/A N/A N/A N/A N/A 

Table 2: Citation Matrix of Overlap between Systematic Reviews. Numbers in each cell represent the total number of overlapping primary studies between any two 

systematic reviews. 
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Review Phase 2 Phase 3 

1. STUDY 

ELIGIBILITY 

CRITERIA 

2.  IDENTIFICATION AND 

SELECTION OF STUDIES 

3. DATA COLLECTION 

AND STUDY 

APPRAISAL 

4. SYNTHESIS 

AND FINDINGS 

RISK OF BIAS 

IN THE 

REVIEW 

Peled(47)      

Hoang(46)  ☺    

Varadharajan(43) ☺ ☺ ☺  ☺ 

Hudise(44)  ☺ ☺ ☺ ☺ 

Liang(32) ☺ ☺ ☺ ☺ ☺ 

Vila(45) ☺ ☺ ☺ ☺ ☺ 

Table 3: Risk of Bias (ROBIS) by Review. ☺ = low risk,  = high risk. 
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 ACC IHCC Alloplastic 

% of Donor 

Site [CI] 

% of Recipient 

Site [CI] 

% of Combined 

Sites [CI] 

% of Silicone 

[CI] 

% of Med-

por [CI] 

% of Gore-

Tex [CI] 

% of Combined 

Alloplastics [CI] 

Overall 

Complication 

3.2(43), 

7 [4-11.6](32)  

11.4(43),  

14 [10-19](32) 

6.9 [4.3-9.6] (44) NS 9.2(46) NS 5.3(46) 7.8 [4-11.5](44), 

8 [5-11](32)  

Infection 0.6(43) 2.5(43) 2 [0-5](45),  

2.1 [1-3.3](44), 

6.8 [4.7-9.7](32) 

3 [1-8] 

(45) 

1.9(46), 

2.1 [0.6-7.3](32), 

3.7(47)  

2.3 [1-8](32), 

6(47) 

1.3[0.6-3](32), 

1.4(46), 

4(47) 

3.7 [0.4-7](44), 

4.6 [0.3-44.8](32) 

Warping  N/A 1.5 [0.3-2.8](44), 

5.2(43),  

5.6 [4-7.7](32),  

6 [2-11](45) 

N/A 5 [1-12] 

(45) 

5.1 [2-11.6](32) NS 0.9 [0.6-1.7] 

(32) 

1.6 [0.5-3.7](44) 

Resorption N/A 0.9(43), 

1 [0-2](45), 

3.9 [2.6-5.8](32),  

4.1 [2.5-5.6](44) 

N/A 4 [0-13] 

(45) 

1.9 [0.1-24](32) 2.5 [0.2-30] 

(32) 

0.7 [0.1-3.6] 

(32) 

NS 

Extrusion N/A 0.6(43),  

1.5 [0.6-3.8](32) 

N/A NS 0.7(46),  

1.6 [0.5-5.2](32),  

3.2(47) 

2(47),  

5.1 [2.5-10] 

(32) 

1.1(47),  

1.2(46),  

2.9 [2.2-4](32) 

1.1 [0.2-5.2](32) 

Hypertrophic 

scar 

2.9(43),  

3.8 [1.7-8](32) 

NS 1.8 [0.2-3.4] (44) NS NS NS NS 1.5 [0.4-3.5](44) 

Pneumothorax 0.1(43),  

3.1 [1.5-6.5] 

(32)  

N/A N/A N/A N/A N/A N/A N/A 

Revision 

Surgery 

N/A 4.2 [2.4-6](44),  

5 [1-10](45), 

5.4(43),  

8 [4.8-12.9](32)  

N/A 7 [3-12] 

(45) 

3.9 [1-14.2](32),  

6.8(46) 

5.7[2.8-11.3] 

(32) 

2 [0.3-14](32),  

2.4(46) 

5 [1.8-13](32),  

3.7[1.0-6.4](44) 

Removal 

Surgery 

N/A 1.9 [1-3.6](32) N/A NS 6.5(47),  

12 [6.5-19.9](32) 

3.1(47),  

4.5 [2-10](32)  

3.1(47),  

3.6 [2-6.2](32) 

2.2 [0.4-10.5](32) 

Table 4: Complication Rates by Graft Type. CI, Confidence Interval; ACC, Autologous Costal Cartilage; IHCC, Irradiated Homologous Costal Cartilage; NS, Not Stated; 

N/A, Not Applicable.
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Chapter Three - In-vivo evaluation of a novel biosynthetic graft (actv-graft®) for nasal 

reconstruction 

Overview 

In chapter 2, the lack of a clearly ideal alternative graft to native septal cartilage during 

septorhinoplasty was established. Future directions including tissue-engineering and hybrid scaffolds 

were explored. The field of tissue-engineering has grown rapidly recently, and although there are 

promising results being generated from this work, limitations such as donor-site morbidity associated 

with cellular source harvest, production time and cost, and chondrocyte dedifferentiation remain key 

barriers. Within this context, evidence in the literature for hybrids of Bioglass® and Polycaprolactone 

are established in chapter 3. A commercially available composite (actv-graft®) is subsequently 

identified with pre-clinical evidence in small animal studies. 

Thus, the primary aim of this chapter is to present a large animal feasibility study where actv-graft® 

was implanted in the nasal dorsum of three sheep for 3 months. Our study demonstrated that actv-

graft® was well tolerated without clinical signs of infection. It maintained volume augmentation over 

time both clinically and radiologically. Although partial degradation was demonstrated radiologically, 

integration was suggested by increasing radiodensity over the 3-month period. This was confirmed 

histologically. This chapter is currently under consideration for publication in Biomaterials. 
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Abstract 

Background: When native septal cartilage is insufficient during septorhinoplasty, alternative grafts 

are required. Current alternatives have their own drawbacks limiting widespread clinical utility of any 

one graft. Hybrid bioactive-polymer scaffolds have emerged as a potential solution to this problem. 

Bioglass®-Polycaprolactone (BG-PCL) is a hybrid graft that is a commercially available composite 

(actv-graft®) with promising pre-clinical results in small animals. This study aims to establish the 

feasibility of actv-graft® for nasal reconstruction in an ovine model by assessing its ability to 

integrate into and stimulate the surrounding host tissue over 3 months.  

Methods: A BG-PCL composite (actv-graft®) was implanted in the nasal dorsum of three sheep for 3 

months with ethics approval. Macroscopic computed tomography (CT) scans and clinical photographs 

were obtained on the day of surgery and at 3 months prior to harvest. Grafts and the surrounding 

tissue were removed, analysed with microscopic CT, then examined histologically (haematoxylin and 

eosin, picrosirius red, and Masson’s trichrome) for neovascularisation, and collagen formation and 

type. 

Results: Clinically, all sheep maintained volume augmentation at 3 months with no signs of infection. 

Macroscopic CT analysis showed persistent volume augmentation at 3 months with majority retention 

of graft volume (average 91±5%) on microscopic CT. Graft radiodensity values increased over time, 

indicating host infiltration within the graft. This was confirmed histologically with rich cellular 

infiltrate into the graft and hyalinised collagen formation which was predominantly type III rather 

than type I under polarised light microscopy. 

Conclusion: The BG-PCL hybrid scaffold used sustained volume augmentation, stimulated cellular 

infiltrate, and degraded safely over time in the nasal dorsum of large animals. Future research into its 

effectiveness and long-term stability in a human population is required. 
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Introduction 

Cartilaginous defects of the nose can be congenital or arise from trauma, previous surgery, or cancer. 

The subsequent potential impairment on airflow or cosmesis can necessitate surgical reconstruction of 

the nose in the form of fracture reduction, septoplasty, and/or rhinoplasty. With up to 80% of the 

population having a deviated nasal septum, it is not unsurprising that septorhinoplasty was the third 

most common procedure in the United States in 2016, costing $1.1 billion(3,32). When reconstructing 

the structure, shape, and volume of the nose, native nasal septal cartilage can be insufficient, 

necessitating alternative graft material. Key features of alternative grafts are biocompatibility, 

bioactivity, and biodegradability(3). Grafts that elicit a greater immune response such as infection are 

less biocompatible, whilst grafts that stimulate a greater host integration response are considered more 

bioactive(36). Grafts that degrade into harmless by-products that can be easily resorbed by the host 

are considered biodegradable(36). 

Commonly used alternatives include biologic and alloplastic (synthetic) grafts(34). Biologic grafts 

include the autologous costal cartilage (ACC) and irradiated homologous cadaveric cartilage (IHCC) 

graft. ACC grafts are considered the gold standard for their inherently low immunogenicity and their 

intra-operative versatility, being used as structural support or morselised as filler(34). However, the 

prolonged operative time for harvest, associated donor-site morbidity, and higher rates of revision 

surgery and warping create a necessity for other alternatives(75). IHCC grafts are readily available, 

have similar infection rates to ACC grafts, and do not have any donor morbidity(45). However, their 

varying warping and retention rates limit their use in patients requiring structural support, meaning 

their use is largely confined to dorsal onlay grafts(45). A variety of alloplastic grafts are used in 

septorhinoplasty, with each having unique characteristics such as strength and porosity. Whilst 

alloplastics are cost-effectively procured, cause no donor morbidity, and are versatile (through pre-

operative fabrication or intra-operative carving), they generally have higher rates of infection, 

extrusion, and removal surgery compared to biologic grafts(75).  

It is evident that the ideal graft does not yet exist in septorhinoplasty, and thus alternatives such as 

tissue-engineered grafts and hybrid bioactive-polymer scaffolds have emerged. Tissue-engineered 
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grafts promise low immunogenicity, versatility in prefabricated patient-specific implants, and less 

donor morbidity than ACC grafts(3). Nevertheless, cost of production, time to culture, and limitations 

in chondrocyte dedifferentiation have emerged as key barriers to their immediate clinical 

implementation.  

In an attempt to improve integration and reduce extrusion rates when compared to alloplastics, 

biocompatible polymer scaffolds have been combined with bioactive materials which stimulate 

biological cues at the host-scaffold interface(35,36,70-72,76,77). Bioglass® (BG) is a bioactive 

ceramic silica-based glass that reacts with its host environment to form interfacial bonds and promote 

healing by limiting infection and stimulating angiogenesis(36,71,78,79). Whilst it has established 

osteoinductive properties(36), it has recently gained attention for its chondrogenic potential, although 

its use in scaffolding is limited by its brittleness(76). Polycaprolactone (PCL) is a biocompatible 

polymer scaffold that has favourable mechanical stability, controllable porosity, and can biodegrade 

into harmless products within 2 years(3,72,80,81). Furthermore, it has been shown to stimulate the 

production of type II collagen which is favourable for cartilage formation after 3 months in 

rabbits(82), and chondrocytes after 6 months in pigs(81). Lebourg et al. also demonstrated that by 

varying the porosity of PCL structures, its compressive elastic modulus could be targeted to similar 

values exhibited by cartilage(83). 

In order to overcome the brittleness of BG, its particles can be dispersed in a biocompatible polymer 

such as PCL(84). Both BG and PCL have been approved for human use by the United States Food 

and Drug Administration (FDA)(81). Additionally, composites of BG-PCL have been demonstrated 

in-vitro and in small animal studies to have favourable biomechanics and biodegradation rates(72,84). 

Kim et al. recently implanted a BG-PCL composite in craniofacial bone defects of seven humans with 

reasonable bone-binding properties and clinical safety(85). However, to date no large animal studies 

have been conducted to investigate the feasibility of a BG-PCL composite as a graft during 

septorhinoplasty.  

A novel 45S5 BG-PCL composite (actv-graft®) is produced by Global Surgical Innovations™ (GSI) 

and has demonstrated neovascularisation, granulation, and epithelial tissue growth without formation 
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of a fibrous capsule when it was implanted subcutaneously in rats for 6 weeks(86). Furthermore, 

Boughton et al. established that actv-graft® had macropores from 300-500µm and mesopores from 2-

40µm within the pore struts, creating a favourable environment for chondrogenesis(87). 

The objectives of this study are to firstly establish the feasibility of actv-graft® for nasal 

reconstruction in an ovine model. Secondly, through radiological and histological assessment, 

characterise the ability of implanted actv-graft® to integrate into and stimulate the surrounding host 

tissue over 3 months.  
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Methods 

Material Preparation 

Nasal implants were manufactured and supplied by GSI™. GSI™ employ a novel method of Rapid 

Batch Coagulation to customise the precursor macro-, micro-, and nano-structure before a PCL 

solution is introduced into the gaps of the precursor and coagulated with Bioactive Glass (45S5)(86). 

The precursor is then removed leaving behind the customised BG-PCL graft, now called actv-graft®. 

For this study, a “soft” 5mm-thick sheet of actv-graft® was supplied (Figure 1). 

Clinical Application 

The methods used in this study were approved by the University of Sydney Animal Ethics Committee 

(Project number 2021/2003). Ovis aries sheep were acquired, transported, anaesthetised, operated on, 

and cared for according to local standard operating procedures.  

Three sheep underwent general anaesthesia by the Laboratory Animal Services (LAS) Veterinarians 

at the Charles Perkins Centre at the University of Sydney. Whilst under anaesthetic, each sheep 

underwent a macroscopic computed tomography (CT) scan of the head prior to surgery to serve as a 

baseline for comparison post-operatively. CT was favoured over magnetic resonance imaging due to 

availability, cost, time and ability to correlate with microscopic CT. Additionally, a profile view 

clinical photograph of each sheep head was obtained pre-operatively whilst under anaesthetic. In each 

sheep, a 2cm horizontal incision was made over the nasal bridge and an approximately 2x2cm 

subcutaneous pocket was dissected over the bony and cartilaginous nasal dorsum. A “soft” 5mm-thick 

actv-graft® was inserted as an onlay graft in contact with cartilage and bone and sutured to the 

subcutaneous tissue. Finally, the skin incision was closed with sutures and clinical photographs and 

macroscopic CT scans were taken immediately post-operatively. 

Three months after surgery, a macroscopic CT scan was conducted of each sheep head with all grafts 

in situ. Clinical photographs were also taken for macroscopic assessment. Sheep were then sacrificed 

according to local protocols and the grafts removed en-bloc with surrounding tissue. Microscopic CT 

scans were taken of each explanted graft. Transverse slices of each explant were obtained and flash 
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frozen in optimal cutting temperature (OCT) compound, with the remainder of the explant preserved 

in 10% phosphate-buffered formalin.  

Volume Retention 

Volume retention was assessed over time by comparing the CT images pre-operatively, immediately 

post-operatively, and at 3 months for each sheep. Two methods were employed to assess dorsal nasal 

augmentation and graft volume changes over time using 3D Slicer 5.2.2 to translate CT images into a 

three-dimensional model(88).  

To assess maintenance of dorsal nasal augmentation, the skull was first rendered using thresholding to 

identify bone on macroscopic CT images. Three points along the nasal dorsum were identified on the 

three-dimensional model of the skull - the first point was made to be the most caudal point of the 

nasal bone, the second point was placed on the dorsal nasal bone 50mm cephalic from the first point, 

and the third point was created at the midpoint of the straight line connecting the first and second 

points (Figure 2). The volume of all tissue within a sphere of diameter 80mm with its centre at the 

third point was calculated. Volumes were compared across the pre-operative, post-operative and 3-

month CT scans to assess the host tissue-graft volume response over time at the nasal dorsum. In one 

sheep, due to technical difficulties on the day of surgery, peri-operative macroscopic CT scans could 

not be obtained, and thus plain X-rays were captured instead. As such, these specimens could not be 

included in this method of graft volume analysis.  

In assessing graft volume retention over time, dimensions of the explanted graft on microscopic CT 

were compared to pre-implantation graft measurements. To create a three-dimensional model of the 

graft and surrounding tissue on the microscopic CT images of each sheep, thresholding was used to 

create a segment containing both bone and remnant BG-containing struts of the graft (Figure 3). On 

this model, the maximum dimensions (length, width, and height) of the graft were measured. This was 

then compared to the equivalent dimensions of each graft before implantation, as measured from 

clinical photographs taken with a scale prior to implantation (Figure 1), which provided an evaluation 

of graft degradation over time. Given our small sample size, statistical analysis was not performed. 
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Graft-Tissue Integration: Radiological Assessment 

On both immediate post operative macroscopic CT and 3-month microscopic CT images, five regions 

of interest were randomly selected in each of the three tissue types – within the scaffold (including 

any cellular infiltrate contained within), in soft tissue, and in bone. A region of interest was defined as 

a two-dimensional circle of diameter 2mm and included all tissue within this region. The mean voxel 

intensity across the subsequent 15 regions of interest was calculated on macroscopic CT images to 

provide a baseline. Comparison was then made to values obtained from microscopic CT images as an 

indicator of soft tissue integration into the graft over time.   

Graft-Tissue Integration: Histological Assessment 

For the histological analysis of the explanted grafts, the flash-frozen specimens were cryosectioned at 

10µm thickness and mounted on glass slides. The slides were fixed with 75% ethanol for 30 seconds 

and then stained with haematoxylin and eosin, picrosirius red, and Masson’s trichrome according to 

standard protocols. The outcomes of interest included presence of neovascularisation, formation and 

thickness of a collagenous host-implant interface, and quality of this collagenous interface. This was 

indicated by the ratio of type I versus type III collagen in the interface on picrosirius red staining, 

which was determined by the ratio of red versus green seen under polarised light microscopy 

respectively(89,90). 



49 
 

Results 

Macroscopic assessment 

Clinically, no significant infective response or animal distress was noted at 3 months. Volume 

augmentation in the nasal dorsum was evident post-surgery, and was maintained, albeit decreased, at 

3 months (Figure 4).  

Whilst the graft was palpable and easily identifiable macroscopically within explanted specimens, it 

was noted that blunt dissection around the graft was challenging, suggesting a degree of integration 

with the surrounding tissue (Figure 5). On macroscopic CT imaging immediately post-operatively, 

the graft was clearly visible as a radiopaque material filled with radiolucent air pockets. At 3 months, 

the graft was still visible however the clear distinction between host tissue and graft present after 

surgery had subjectively reduced, suggesting a degree of integration or partial degradation (Figure 6). 

Volume Retention 

Consistent dorsal nasal volume augmentation was demonstrated over 3 months in both included 

samples as measured on macroscopic CT images. One sheep exhibited an increase from 123% 

immediately post-operatively to 126% at 3 months, whilst the other sheep demonstrated a slight 

volume reduction from 109% to 107% (Graph 1). 

On microscopic CT images, graft retention at 3 months was on average 91±5% of original volume 

indicating partial degradation over time (Graph 2).  

Graft-Tissue Integration: Radiological Assessment 

The mean ratio of radiodensity values obtained from the implanted graft and surrounding soft tissue 

increased from an average of 1.2±0.1 immediately post-surgery to an average of 3.1±0.2 3 months 

post-surgery (Graph 3). Similarly, the mean radiodensity ratio of the implanted graft and surrounding 

bone increased from an average of 0.2±0.01 immediately post-surgery to 0.2±0.01 3 months post-
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surgery (Graph 4). The increase in radiodensity despite reduction in graft volume suggests infiltration 

within the graft itself. The radiodensity values for sheep 1 immediately post-surgery were not 

available due to difficulty obtaining a macroscopic CT at that time. 

Graft-Tissue Integration: Histological Assessment 

All grafts demonstrated a rich cellular infiltrate with moderate fibroblastic and inflammatory contents 

(Figure 7 and 8). An interface rich in hyalinised collagen was formed between the graft and 

surrounding tissues. Thickness of the host tissue-graft interface ranged from 0 to 1mm. The specimens 

exhibited type III collagen predominance in the interface, as assessed on picrosirius red staining under 

polarised light microscopy. Two specimens exhibited 90% collagen type III and 10% collagen type I, 

and the final specimen demonstrated 70% collage type III and 30% collagen type I (Figure 9). No 

neovascularisation was demonstrated within the samples explanted at 3 months. 
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Discussion 

This study investigated the suitability of a BG-PCL composite (actv-graft®) in a large animal ovine 

model for nasal reconstruction. Biocompatibility, graft infiltration, and biodegradability were 

demonstrated along with favourable volume augmentation over time.  

Balancing volume augmentation with a graft’s biodegradability over time is crucial to ensure adequate 

time for the host to create the appropriate tissue whilst maintaining a desired clinical appearance. 

Classically, PCL degrades over approximately 2 years through a two-step process. Firstly, water 

uptake initiates non-enzymatic hydrolytic cleavage of ester links, stimulating bulk degradation(81). 

The second phase involves bioresorption through host metabolic pathways into biocompatible by-

products(91). Higher molecular weight implants tend to exhibit longer degradation times, introducing 

a degree of control over PCL degradation rates when initial molecular weight is varied(92). However, 

when BG is combined with PCL, an accelerated degradation rate has been described(84,93). BG-PCL 

composites immersed in simulated body fluid (SBF) demonstrated a 13.2% weight loss over 8 weeks 

in-vitro(84). Bossard et al. suggest the hydrophilicity of BG increased the surface wettability of the 

composite, thereby accelerating the usual first phase degradation of PCL(84). Furthermore, they 

hypothesised that the production of hydroxide ions induced by BG would increase the local pH 

catalysing ester link cleavage and promoting degradation. Ji et al. found similar changes to 

degradation when BG was added to PCL, suggesting the quicker consumption of BG created a 

rougher PCL surface with greater surface area leading to more rapid degradation(93). Our results 

comparing the volume of the pre-implanted graft to the microscopic CT images of the explanted graft 

demonstrated comparable volume reduction over 3 months to other results in the literature (84,93). 

However, there were limitations with our approach. Given the degree of integration of the 

surrounding tissue into the graft and the thin tissue-graft interface measurements, it was difficult even 

on microscopic CT images to determine the exact host tissue-graft interface, introducing potential 

error to our results.  

Assessing volume augmentation over time in animal studies is a difficult metric to objectively 

quantify, with multiple studies opting for subjective macroscopic assessments(71,81,82,94). Kim et al. 
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utilised 1mm CT scans to grossly comment on retention of the initial shape of their chondrocyte 

seeded 3D-printed PCL grafts implanted in the nasal dorsum of rabbits after 12 weeks(95). However, 

no other formal volume assessment was conducted. When implanting PCL grafts in the nasal dorsum 

of rabbits, Park et al. provided a degree of objectivity in assessing nasal augmentation by comparing 

pre- and post-operative nasal tip angle, showing significant reduction over 12 weeks indicating 

retained nasal tip projection(96). To our knowledge, our study represents the first of its kind to 

employ a radiologically based volume assessment using bony reference points that can reliably and 

repeatably assess volume changes over time. We demonstrated volume augmentation over 3 months 

in both included samples. However, one sample showed a 2% reduction in volume from immediately 

post-operatively to 3 months. Immediate post-operative swelling that reduced over time likely 

explains this reduction in volume.  

Our study demonstrated infiltration within the graft through histological and radiological methods. 

Histologically, a rich cellular infiltrate into the graft with hyalinised collagen at the tissue-graft 

interface was found. Contrary to prior findings of actv-graft® in-vivo, we did not show 

neovascularisation(86). This could be due to our sectioning technique, as similar timeframes(95) and 

implant locations(81) have revealed neovascularisation within a PCL scaffold previously. It is 

difficult to directly compare our results of a BG-PCL composite for in-vivo nasal reconstruction to the 

literature, as most prior studies have focused on bone regeneration rather than nasal 

reconstruction(84,97-99). One study implanted a BG-PCL composite in the subcutaneous tissue of the 

back of rats and demonstrated fibrous connective tissue and adipose tissue infiltrate, however they did 

not comment on neovascularisation or collagen type formation(100). Radiologically, we demonstrated 

infiltration within the graft as there was an increase in radiodensity over the life of the graft despite 

the expected reduction in radiodensity as the glass beads of BG broke down(101).  

When comparing picrosirius polarisation, samples from each of our three sheep demonstrated higher 

green than red levels, indicating higher levels of collagen type III than type I(90). Whilst collagen 

type III is crucial in early wound healing(102), it has also been shown to positively affect the elastic 

modulus of cartilage, aid in orchestrating fibril assembly, and improve the biomechanical function of 



53 
 

cartilage(103). Wu et al. suggest a reason for this being that collagen type III modifies the covalent 

fibril network between collagen type II, acting as a “molecular glue” to improve inter-fibrillar 

strength(104). Furthermore, in the pericellular matrix between chondrocytes and the extracellular 

matrix, type III collagen may mediate early type II collagen fibrillogenesis and chondrocyte 

mechanotransduction(103). These are key requirements in neocartilage formation, especially within 

the nose where type II cartilage predominates(105). Whilst higher levels of type III collagen may be 

beneficial to neocartilage formation, as our study did not directly assess for type II collagen and the 

implant was over bone and cartilage, it is difficult to draw conclusions about chondrogenesis. 

Our study was limited by its duration and cohort size. As aforementioned, PCL can take around 2 

years to degrade, and monitoring long-term host changes as the PCL degrades is difficult in a 3-month 

timeframe. Logistical and financial limitations meant a 3-month duration was chosen over 6 months. 

Furthermore, we faced unexpected perioperative difficulty CT scanning one sheep which affected 

volume and radiodensity assessment. During implantation, we noted that bone partially overlay 

cartilage in sections of the nasal dorsum. Subsequently, the implanted graft was in contact with both 

the bone and cartilage of the nasal dorsum. Whilst this allowed us to assess its reaction to both tissue 

types, it limited its contact with cartilage alone, and may have consequently limited chondrogenesis. 

Immunohistochemistry analysis would have been beneficial in further characterising the inflammatory 

reaction we saw histologically, in addition to assessing the presence of type II collagen as a surrogate 

for chondrogenesis. This remains a future avenue for our research and grant approval has been 

secured to ensure this. A pre-clinical trial with a larger cohort and longer timeframe would be 

beneficial in creating a stronger assessment of the long-term profile of actv-graft®.  
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Conclusion 

Our pre-clinical evaluation of actv-graft®, a BG-PCL composite, demonstrated safe and sustained 

volume augmentation with cellular infiltrate and favourable collagen formation over 3 months in the 

nasal dorsum of three sheep. Therefore, actv-graft® has clinical potential to become a viable 

alternative to commonly used grafts in rhinoplasty. However, further research is needed to confirm its 

effectiveness and long-term stability in a human population.   
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Tables and Figures 

 
Figure 1: Raw form of the actv-graft® implant demonstrating porosity (left) (red line reflects 1mm) (modified 

from Boughton 2011(86)). actv-graft® implant used in study with ruler for scale (right). 

 
Figure 2: 3D reconstruction in Slicer 5.2.2 of macroscopic CT images for dorsal augmentation assessment. 

Orange ball points indicate caudal and cephalic endpoints with the midpoint marked. 
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Figure 3: Microscopic CT images with 3D reconstruction in Slicer 5.2.2 for volume retention assessment. White 

arrows point to the graft, and black arrows point to bone. (A) Axial microscopic CT slice, (B) 3D reconstruction 

with orange ball-ended lines outlining dimensions of graft, (C) Sagittal microscopic CT slice, (D) Coronal 

microscopic CT slice.  
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Figure 4: Clinical Photographs taken at various time-points. (A) Pre-surgery, (B) Immediately post-surgery, 

and (C) 3 months post-surgery. 

 
Figure 5: Section of explanted actv-graft® with surrounding tissue after 3 months. Note this particular section 

demonstrates a segment of the nasal dorsum where bone was both superficial and deep to cartilage. Other 

sections demonstrated actv-graft® directly over cartilage. (A) Skin and soft tissue, (B) actv-graft®, (C) Bone, (D) 

Cartilage, (E) Bone.  
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Figure 6: Sagittal macroscopic CT images of actv-graft® in-situ (white arrows) at different timepoints. (A) 

Immediately post-surgery, (B) 3 months post-surgery. 

 
Graph 1: Volume Augmentation over time with standard error bars. 

 
Graph 2: Graft volume retention after 3 months with standard error bars. 
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Graph 3: Graft to surrounding tissue radiodensity ratio from immediately post-surgery to 3 months post-surgery 

with standard error bars. 

 
Graph 4: Graft to bone radiodensity ratio from immediately post-surgery to 3 months post-surgery with 

standard error bars. 
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Figure 7: Section of the implant and surrounding tissue stained with haematoxylin and eosin. Region bounded 

by stars is epidermis and superficial dermis containing numerous hair follicles. Red arrows represent the graft 

and yellow the graft-host interface. 
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Figure 8: Section of the implant and surrounding tissue stained with haematoxylin and eosin. Red arrows 

represent the graft and green the collagen and fibrosis. 
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Figure 9: Cross section of the implant and surrounding tissue stained with picrosirius red under polarised light 

microscopy. Red arrows represent collagen type I and green collagen type III. 
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Chapter Four – Conclusions and Future Directions 

Summary of Findings and Limitations 

Septorhinoplasty is a fundamental and common surgical procedure that aims to improve the function 

and cosmesis of the nose. Native septal cartilage is often the graft of choice due to convenience and 

compatibility. However, there is a limit to the amount of septal graft that can be harvested before the 

structural and functional integrity of the septum becomes compromised. Thus ACC, IHCC and 

synthetic grafts are commonly used in these procedures as alternatives to native septal cartilage. 

However, in clinical practice each of these grafts pose unique challenges for the surgeon and potential 

complications for the patient, creating the genesis of this thesis. The aims of the thesis were to identify 

the evidence for each of these current alternatives, explore emerging alternatives, and assess the 

feasibility of a novel graft in nasal reconstruction. 

The second chapter of this thesis utilised a systematic review of the literature to establish the clinical 

effectiveness of ACC, IHCC, and synthetic grafts. Six systematic reviews with more than 10 included 

primary studies that detailed graft complication rates were included. By qualitatively synthesising the 

results from these six systematic reviews, varying conclusions were found. ACC and IHCC grafts 

were generally associated with higher rates of warping, revision surgery, donor-site morbidity, and 

resorption. Contrastingly, synthetic grafts were more commonly associated with extrusion, infection, 

and removal surgery. This established that no single current alternative graft to native septal cartilage 

is ideal. The major limitations of this chapter were the heterogeneity of systemic reviews and 

moderate overlap of included primary studies between systematic reviews. This precluded statistical 

comparison and meta-analysis. Additionally, the included systematic reviews relied predominantly on 

level IV evidence.  

Out of the necessity for a graft similar to native septal cartilage without the drawbacks of current 

alternatives, nascent fields such as tissue-engineered and hybrid grafts have emerged. Tissue-

engineering as a field has gained significant traction, especially with the popularisation of three-

dimensional printing and bioprinting alleviating some of the field’s inherent limitations. Despite this, 
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only five clinical trials have been conducted thus-far on limited human populations. Whilst all have 

demonstrated reasonable outcomes, none are robust evidence as they are all case series. Some key 

limitations in the field of tissue-engineering include donor-site morbidity associated with cellular 

source harvest, production cost, chondrocyte dedifferentiation and requisite time for culture that 

precludes on-demand potential, and appropriate scaffolding material. 

Hybrid grafts conventionally combine a bioactive material with a biocompatible polymer scaffold to 

create a favourable biomechanical structure that can stimulate the surrounding host environment to 

form target tissue before degrading into biocompatible products. Two materials that individually have 

FDA approval and evidence of chondrogenic potential are BG and PCL. Furthermore, when BG and 

PCL are combined, a desirable reduction in BG’s brittleness has been observed, creating a composite 

with favourable biomechanics and biodegradation rates. A commercially available form of the BG-

PCL composite graft exists in actv-graft® that can be easily procured and customised to patient-

specific requirements without need for co-culture.  

The third chapter of this thesis detailed a pre-clinical feasibility study conducted after grant 

acquisition and ethics approval. actv-graft® was implanted in the nasal dorsum of three sheep and 

harvested after 3 months. No sheep exhibited signs of infection, and all sheep clinically demonstrated 

volume augmentation immediately after surgery and at 3 months. A novel method of objectively 

analysing volume augmentation with macroscopic CT was developed during the study as no method 

was found in the literature. This reproducible method showed persistent volume augmentation over 

time, confirming the clinical evaluation. Furthermore, another novel method of radiologically 

assessing graft degradation after 3 months in-vivo was formulated and implemented. This indicated 

that there was partial degradation of the graft but at a favourable rate which was comparable to the 

literature. The absence of clinical infection during the study suggested the partial degradation actv-

graft® underwent was not harmful, indicating its potential biodegradability. Graft integration was 

demonstrated radiologically and histologically. Mean radiodensity values were obtained for the graft, 

surrounding soft tissue, and bone. Ratios were then calculated immediately after surgery and at 3 

months, indicating an increase in radiodensity within the graft suggesting host infiltration and 
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integration. This was confirmed histologically through cellular infiltrate with hyalinised collagen 

formation that was primarily type III than type I under polarised light microscopy. 

Whilst the results of chapter 3 suggest actv-graft® may be a feasible alternative graft, a significant 

limitation in interpreting these results lies in the relatively short duration of the study, and its size. 

Additionally, as cartilage was the target tissue, immunohistochemistry to assess the presence of type 

II collagen as an indicator of chondrogenesis would have been useful. Funding has been acquired to 

complete this analysis. 
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Future Directions and Clinical Implication 

Utilising the protocols employed in chapter 3, a larger cohort animal study over a longer period of 

time would aid in characterising the safety profile, chondrogenic potential, and degradation rate of 

actv-graft® in-vivo prior to human trials. Clinically, a BG-PCL composite has been used with relative 

success in craniofacial bony reconstruction in seven humans(85). BG-PCL composites such as actv-

graft® have the potential to alter the landscape of grafting as they can be easily obtained, tailored both 

pre-operatively and intra-operatively to be patient-specific, and biodegrade safely. If bioactivity 

through chondrogenesis and osteogenesis without significant immunogenicity are established, this 

represents a graft that has widespread clinical potential.  
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