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ABSTRACT 

Introduction: The pneumatization of the temporal bone is important in various clinical settings. 

These include serving as a prognostic factor in middle ear surgeries and acting as a shock absorber 

in patients sustaining lateral skull trauma. The size and growth rate of its air cell system have been 

associated with middle-ear pathology. The degree of temporal bone pneumatization is highly 

relevant when planning temporal bone-related surgeries and has been hypothesized to influence 

anatomical variations of temporal bone-related vessels. This study aimed to investigate the size of 

temporal bone pneumatization (air cell volume) with age, the association between temporal bone 

pneumatization and the morphologies of some temporal bone-related vessels, as well as their 

morphometrical relationship with ear regions, and to propose a simple and concise classification 

of the degree of temporal bone pneumatization using reference structures and landmarks.  

Materials and Methods: A retrospective review of 496 temporal bone computed tomography 

(CT) images of 248 head and neck/brain CTs of patients from public hospitals in KwaZulu-Natal, 

South Africa, was conducted.   The sample consisted of 133 males and 115 females, 0 to 35 years 

old (median age 13.0 years) of three population groups (202 South African Black, 28 South 

African Indian, and 18 South African White). The age range of 0 to 35 years was further divided 

as follows: 0-2 (infant); 3-5 (young child); 6-9 (middle child); 10-14 (early adolescent); 15-18 

(middle adolescent); 19-25 (young adult stage I); 26-35 (young adult stage II). High-resolution 

CT images with fine slices of ≤ 0.625 mm were analyzed using IntelliSpace Portal (ISP) Version 

11.1 viewer software. The volume of temporal bone pneumatization was achieved using three 

dimensional (3D) volumetric rendering technique. At the same time, the morphologies of the 

sigmoid sinus, jugular bulb, and internal carotid artery and their morphometrical relationships with 

ear regions were analyzed using the measuring tools on the ISP. Additionally, an inter-observer 

assessment was conducted among otologists to classify the degree of temporal bone 

pneumatization utilizing temporal bone CT images at two levels (landmarks): the malleoincudal 

junction and the lateral semicircular canal using sigmoid sinus as a reference. 

Results:  

Size (volume) of temporal bone pneumatization with age: The volume of temporal bone 

pneumatization increased significantly (p<0.001) with age up to the adult stage I (19-25 years), 

followed by a significant decline in young adult stage II (26-35 years). Females showed a 

significant early increase compared to males. Regarding population groups, Black South Africans 

(SA) showed a higher increase in volume with age than the SA Whites and Indian population 

groups. 
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Influence of pneumatization on temporal bone-related vessels: Four degrees of pneumatization 

(hypo, moderate, good, and hyper) were analyzed. Hyper-pneumatization was observed to be more 

common. Vascular variants such as high jugular bulb, jugular bulb dehiscence, and internal carotid 

artery dehiscence were observed and significantly associated (p<0.01) with hyper-pneumatization. 

Also, as pneumatization increases, sigmoid sinus and jugular bulb distances to ear regions were 

observed to increase significantly (p<0.01, p<0.05). The sigmoid sinus and its variant shapes were 

also observed but were not significantly associated with the degrees of pneumatization (right- p= 

0.070; left- p= 0.645). 

Classification of degree of pneumatization: In the survey conducted among cohort otologists, 

the percentage of participants that correctly rated temporal bone CT images taken at the level of 

lateral semicircular canal according to their respective degrees of pneumatization was significantly 

higher (p < 0.05) regardless of their year of experience compared to those that correctly rated 

corresponding images taken at the level of malleoincudal junction. A 76% positivity in their 

agreement with the use of sigmoid sinus in evaluating mastoid pneumatization was observed. 

Discussion and Conclusion: This study concludes that the pneumatization of a healthy temporal 

bone is expected to show a significant linear increase from infant up until at least the early adult 

stage I (19-25 years) in the South African population. The high incidence of high JB, JB 

dehiscence, and internal carotid artery dehiscence, and the increase in distances of sigmoid sinus 

and JB to ear regions reported in this study population due to increased pneumatization validates 

temporal bone pneumatization as a factor that influences jugular bulb variants and internal carotid 

artery dehiscence as well as the distances of sigmoid sinus and jugular bulb to ear regions. The 

study also concludes that using the lateral semicircular canal as a landmark on axial CT, and 

evaluating air cells around the sigmoid sinus was suitable in classifying the degree of temporal 

bone pneumatization into hypo-, moderate, good, and hyper-pneumatization. This study proposes 

this classification system as an easier and quicker method for clinical applications. 

Keywords: Temporal Bone, Pneumatization, Air Cells, Computed Tomograph, Vasculature 
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CHAPTER ONE 

INTRODUCTION AND LITERATURE REVIEW 

1.1 Introduction and Background to the Study 

One of the anatomical complexities of the temporal bone (a pair of bones located on the lateral 

aspect of the human skull [Standring, 2008]) is its pneumatization (i.e., the presence or 

development of air cells) which has been the subject of considerable discussion to which various 

opinions and theories have been expressed (Osama, 2018). Kang et al. (2019) identified temporal 

bone pneumatization as having a potential protective effect in temporal bone fractures, further 

preventing damage to the auditory apparatus and other traumatic injuries. Fractures to the temporal 

bone have brought about serious psychological distress and had devastating impacts on many 

people’s lives, with about 69 million individuals estimated to suffer traumatic brain injury (Dewan 

et al., 2019; www.psychologtoday.com/za/basics/trauma%3famp). According to World Head 

Injury Awareness Day on 20th March 2016, head injuries and temporal bone fractures are 

relatively common in South Africa, with 89,000 new traumatic brain injuries reported yearly. This 

was bolstered in the study by Makolane et al. (2019), who reported a prevalence of 15.2% (32 out 

of 210 patients) in the Tshwane district of Gauteng province. 

In clinical practice, the temporal bone and its pneumatization are significantly relevant in various 

situations. These include surgical planning for bone conduction implants, active middle ear (ME) 

implants, and even cochlear implantation when assessing the space required for implant placement 

or predicting access to the ME via trans-mastoid and retro-facial approaches (Holmquist, 1970; 

Proud & Duff, 1978; Galal et al., 2021). These are required for patients with partial or severe 

hearing loss, in which about 5% of the world's population suffers from (Schmucker et al., 2019). 

The degree of pneumatization has also been associated with surgical considerations of many 

temporal bone fractures, injuries, or traumatic insults (Koc et al., 2003; Ilea et al., 2014). This is 

because air cells are usually exposed during ear-related surgeries required to treat injuries sustained 

from these fractures (Yamakami et al., 2003). The exposure of air cells is accompanied by various 

potential complications such as sensorineural hearing loss, tinnitus, facial nerve paralysis, and 

cerebrospinal fluid (CSF) otorrhea (Ilea et al., 2014; Shew et al., 2018). Understanding the degree 

of temporal bone pneumatization and possible classifications is very important. Although very few 

authors have described different classifications (Virapongse et al., 1985; Han et al., 2007; Jadhav 
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et al., 2014), their various limitations (to be discussed in the literature review) have resulted in a 

lack of consensus among surgeons and otolaryngologists, which may be a cause for concern in a 

few otologic surgeries such as primary mastoidectomies and postoperative care of skull base 

surgeries (Singh et al., 2017).  

In addition, the various positioning of temporal bone-related vasculature is also influenced by the 

degree of pneumatization, as highlighted by Singh et al. (2019). Good knowledge of these vascular 

structures and their possible anatomical variations is essential during surgical procedures (Ichijo 

et al., 1996; Aslan et al., 1997). For instance, the sigmoid sinus (SS) is one of the most familiar 

landmarks used during trans-mastoid and posterolateral skull base approaches (Comert et al., 

2018). The location and size of SS vary significantly according to laterality. Also, some of these 

vascular variants, such as high-riding jugular bulb (JB) and JB dehiscence, pose dangers by 

eroding the middle and inner ear causing tonal or pulsatile tinnitus, vertigo, and hearing loss 

(Kawano et al., 2000; Friedmann et al., 2010). These contribute to difficulties in diagnosis, 

complexities, and vital pitfalls encountered in temporal bone and ear-related surgeries (Vachata et 

al., 2010; Inal et al., 2015; Osama, 2018; Osch et al., 2019). 

Furthermore, temporal bone pneumatization has been implicated in the pathophysiology of chronic 

ear infections and ME pathology such as otitis media (OM); one of the global burdens of diseases 

and a major cause of hearing loss and disorders with highest incidence rate in Sub-Saharan Africa 

and South Asia (Morris & Leach, 2009; Vos et al., 2015; DeAntonio et al., 2016; Tesfa et al., 

2020). Recent studies in South Africa have shown a local prevalence of hearing loss between 

17.5% and 19.88%, higher than the global average prevalence, with OM being the major risk factor 

locally (Louw et al., 2018; Joubert & Botha, 2019). Early studies in South Africa revealed the 

prevalence of OM and other ME pathologies to vary between 7.2% and 38% (Halama et al., 1986; 

Nel et al., 1988; Cilliers et al., 1988; Cruickshanks et al., 1998). However, present studies have 

shown an increased incidence rate, ranging between 31.4% and 51%, especially among younger 

children (Biagio et al., 2014; Phanguphangu, 2016).  

According to the genetic (hereditary) theory, the size of air cells in temporal bone pneumatization 

is genetically determined during the period of embryonic development (Diamant, 1940;), while 

environmental theory suggests that it is determined by the degree of pathological involvement of 

the ME during childhood (Palva & Palva, 1966; Turgut & Tos, 1992; Han et al., 2007). There have 
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been inconsistencies in the literature regarding the expected norms for the development of 

temporal bone pneumatization, particularly in the size of air cells, the rate of growth, and 

completion age (Diamant, 1940; Lee et al., 2005; Hill, 2011). Although Schillinger (1939) stated 

that there is a continuation of pneumatization during the whole lifetime, few studies have utilized 

different methodologies in describing the development of temporal bone pneumatization.  

Myerson et al. (1934) and Diamant (1940) revealed that mastoid aeration and pneumatization 

growth pattern of “Coloured” and “White” cadaveric skulls in New York terminates at puberty. 

With plain lateral X-ray, Chatterjee et al. (1990) observed that pneumatization continues into early 

adulthood with initial rapid growth during the juvenile period, and thereafter, the process slows 

down in an Indian population. Lee et al. (2005), utilizing the three-dimensional (3D) multiplanar 

volumetric rendering (MPVR) technique of computed tomography (CT) images in a Korean 

population, observed pneumatization to have steady growth through the third decade of life before 

declining slowly, then rapidly after the seventh decade of life. Discrepancies in these studies may 

be due to different methods or techniques used, as well as differences in population groups of the 

study populations (Hill, 2011).  

Advancements in temporal bone imaging have contributed to a greater understanding of normal 

anatomy, pathology, treatment, and surgical planning (Clarke & Booth, 2017). According to Todd 

et al. (1987), Park et al. (2000), and Han et al. (2007), CT has the best advantage in demonstrating 

detailed imaging of the temporal bone, its pneumatization, related vessels, and other soft tissues 

with excellent resolution. Hence, utilizing high-resolution computed tomography (HRCT) images, 

this study sets out to; investigate the pattern of pneumatization that exist within the South African 

population; provide in-depth information on the volume of air cells as regards to age and normal 

growth rate of temporal bone pneumatization from childhood to early adulthood; propose a simple 

and concise classification of temporal bone degree of pneumatization (at a glance) that could be 

standardized amongst otologic, and head and neck surgeons; and highlight possible correlations 

between anatomical variations of some related vasculature in the petromastoid part and degree of 

pneumatization. 
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of temporal bone pneumatization by zoning these air cell systems into; a) mastoid pneumatization, 

b) petrous pneumatization, and c) accessory pneumatization (extending beyond the limit of the 

mastoid and petrous).  

a. Mastoid Pneumatization: The mastoid region consists of two key areas of pneumatization: the 

mastoid antrum (the central tract and most prominent) and the peripheral areas. The mastoid air 

cells in the peripheral areas relate to one another and with the antrum. These air cells are subdivided 

according to the areas of pneumatization in the mastoid: the antrum proper, the periantral cell area, 

the tegmental cell area, the sinodural cell area, the perisinus cell area, the central cell area, the 

perifacial cell area, and the mastoid tip cell area (lateral and medial) (Allam, 1969). [Figure 3a] 

b. Petrous Pneumatization: This covers the perilabyrinthine region and petrous apex.  

i. The perilabyrinthine region is further subdivided into supralabyrinthine and infralabyrinthine 

areas, which lie superior and inferior to the labyrinth (Allam, 1969). The supralabyrinthine area 

consists of the postero-superior cell tract, the postero-medial cell tract, and the subarcuate cell 

tract. The infralabyrinthine area consists of two tracts: the hypotympanic cell tract and the retro-

facial cell tract. 

ii. The petrous apex is further subdivided into the peritubal and apical areas. The peritubal area 

surrounds the osseous portion of the eustachian tube supplied by varying numbers of air cells from 

two tracts: the antero-superior cell tract and the antero-lateral cell tract (Allam, 1969). The apical 

area, richly pneumatized, receives supply from three principal tracts: the hypotympanic tract, the 

peritubal tract, and the perilabyrinthine tract (Allam, 1969). [Figure 3b] 

c. Accessory Pneumatization: This refers to the extension of air cells beyond the limits of the 

mastoid and petrous regions to involve the other portions of the temporal bone (such as the styloid 

process, squamous part, and zygomatic process) and even adjacent cranial bones (e.g., occipital 

bone), thus, forming the accessory cell areas (Allam, 1969). These regions may be classified as 

follows: the zygomatic cell area due to an anterior extension of either the epitympanum or the 

periantral air cells into the zygomatic process; the squamous cell area as a result of a superior 

extension of the tegmental air cells into the squamous part; the occipital cell area due to a posterior 

extension of the perisinus air cells into the occipital bone; and the styloid cell area occurring due 

to an extension of the mastoid air cells into a hollow styloid process (Virapongse et al., 1985). 

[Figure 3a] 
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However, the study of Lee et al. (2005) among Korean adults gave a different description. The 

study stated that “mastoid aeration increases rapidly from birth until early in the second decade. 

Thereafter, the growth in size continues at a slow rate, reaching a maximum in the third decade”. 

Furthermore, Hill (2011), in an ontogenetic study, statistically evaluated age-related changes in 

the bony organization of pneumatized spaces in various regions of the temporal bone. This study 

revealed that the temporal bone is not well pneumatized in infants. The surface area and volumes 

of pneumatized spaces doubled before age 4. There was a twofold to threefold increase in size 

between 9 years and adults. [Figure 5] 

 
Figure 5: Diagram showing three-dimensional reconstructions of the temporal bone for ages 1 year, 6 

years, and 10 years. The red portions delineate the air cell network within the temporal bone, showing a 
significant increase in the pneumatized spaces (Adapted from Hill, 2011). 

 

1.2.3 Review of studies on the size and growth rate of temporal bone pneumatization and air 

cell system: surface area and volumetric studies 

Over the years, measuring the size of temporal bone pneumatization and air cells has been carried 

out using cadaveric bone specimens, radiographs, and CT images. (Diamant, 1940; Chatterjee et 

al., 1990; Lee et al., 2005; Hill, 2011). In radiographs, the planimetric method has been commonly 

used to measure the surface area of air cells (Arora et al., 1973; Chatterjee et al., 1990). Other 

methods include the water-weight method and the pressure transducer method (Hill, 2011). 

Advanced techniques such as volumetric rendering have made it possible to easily measure a more 

accurate volume of temporal bone pneumatization (Lee et al., 2005). However, studies have 
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utilized some of these methods to investigate the size of temporal bone pneumatization, but very 

few are age-related studies (Diamant, 1940; Kawamura et al., 1963; Rubensohn, 1965; Arora et 

al., 1973; Qvarnberg, 1981; Chatterjee et al., 1990; Isono et al., 2003; Lee et al., 2005; Hill, 2011). 

The studies are summarized in Tables 1 and 2. The age-related studies gave information on the 

size and growth of air cells with age. However, the majority of these studies utilized the planimetric 

method of measurement. These studies were able to consider the surface area of air cells only and 

reported that pneumatization terminates at puberty [Table 1]. While the studies by Isono et al. 

(2003), Lee et al. (2007), and Hill (2011) considered the volumes of air cells and reported that air 

cells continue to grow after puberty [Table 2].  

Amongst these studies, Chatterjee (1990) analyzed the size variation of the mastoid air cell system 

in an Indian population of different age groups. One hundred human subjects aged six months to 

60 years were used. The age group was further subdivided into 1 to 5 years, 5+ to 10 years, 10+ to 

15 years, 15+ to 20 years, and above 20 years. The mean area of the mastoid air cell system was 

measured planimetrically on X-rays [Table 1]. The study found that the rate of development of the 

mastoid air cell system was very rapid from age one up to ten years, and then it slowed down in 

both sexes. 

Furthermore, the size of the mastoid air cell system in the age group 1+ to 5 years was almost equal 

to that of Swedish children and larger in Japanese children in the studies of Robensohn (1965) and 

Kawamura et al. (1963), respectively. The area of pneumatization between the age group 5+ to 10 

years was comparatively less in the North Indian skull in the study of Arora et al. (1973). Still, it 

was the same as in the Western population (Diamant, 1940). This study did not compare other age 

groups, as no data was available. Also, discrepancies in the age group of the studies compared with 

the report of Chatterjee et al. (1990) may be due to methods, genetic, or ethnic backgrounds. 

Considering that volumetric measurements likely give the foremost comprehensive insight to 

appreciate the estimate of air cells (Cinamon, 2009), the planimetric measurement used to analyze 

the surface area of air cells could be a common limitation in all of these studies.  

Lee et al. (2005) considered an age-related study among a Korean population (sample size= 102; 

age range: 6-84 years). The study utilized a 3D MPVR technique [Figure 7]. The mean volumes 

of mastoid pneumatization for Korean children (0-9 years) and adults (19-44 years) were 3813.85 

mm3 and 7095.2 mm3, respectively. The study showed that mastoid pneumatization rapidly 
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increases from birth until the second decade of life, with a slow growth rate until the third decade 

of life (i.e., 30 years). Afterward, there is a tendency for decline with a slow reduction in volume 

followed by a rapid decrease late in the seventh decade of life. 

Furthermore, this study did not show a statistically significant difference between sex, but the 

growth of female mastoid pneumatization was interestingly more rapid than in males. In addition 

to the limitation in considering only the mastoid region, the interval in age grouping was 10 years 

(i.e., 0-9, 10-19, etc.). The interval in the age group was considered too large and not accurate 

enough to statistically evaluate age-related changes in the volume of air cells in the temporal bone 

(Hill, 2011). 

Hill (2011) analyzed 28 temporal bones from cadaveric skulls. The skulls were scanned on either 

side using X-ray CT systems. An image cropping system was used to extract regions and volumes 

of interest (i.e., ROI and VOI). Both the petrous and mastoid parts were analyzed. Age grouping 

was from infant to adulthood [infant (neonate–2yearrs); young child (2–4years); middle age (4–

8years); adolescent (9–18years); and adult (> 25years)]. The study revealed that the volume of 

temporal bone pneumatization changed with age. Although the temporal bone is not well-

pneumatized in infants as it is limited to the mastoid antrum, the surface area and volume of 

pneumatized spaces doubled before four years of age. Also, a twofold to threefold increase in air 

cell size between nine years of age and adulthood. The mean volume of pneumatization for the 

infant was 232.76 mm3. There was no statistical significance in the volume of the young and 

middle age group compared to infants. Adolescent and adult age groups showed mean volumes of 

3199.84 mm3 and 4545.44 mm3, respectively. The volumes estimated in this study were said to be 

lower when compared to the mean volumes estimated in the study by Koc et al. (2003), Lee et al. 

(2005), Han et al. (2007), and Kim et al. (2010), that conducted their studies among the Turkish, 

Korean, South Korean and Korean population groups, respectively,  utilizing volumetric surface 

rendering technique [Table 2] [Figure 6 & 7]. Besides, the sample size of Hill (2011) was 

comparatively very small and was conducted in the Columbian population group [Table 2] 
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Table 1: Previous studies analyzing the surface area of temporal bone pneumatization and air cell system 
Author 
(Date) 

Country 
(Population) 

Sample 
Size 

Age 
(Years) 

Methodology Age  
grouping 

Temporal bone 
pneumatization 

(mean area of air cells) 

Size of temporal bone air cell area 
with age (M- male; F- female) 

Diamant 
(1940) 

Sweden 
(Swedish 
Children; pre-
antibiotic era) 

 
180 

 

 
1 to 15 years 

-Prospective study  
-X-ray planimetry 
 

 
5 years 

 
12.04 ± 0.37 cm2 

• Size (cm2) with respect to age: 
1 – 5 yrs = 5.80 (M); 6.97 (F) 
5 – 10 yrs = 9.68 (M); 10.49 (F) 
10 – 15 yrs = 9.47 (M); 14.2 (F) 
15 – 20 yrs = ?? (M); 11.03 (F)  

Kawamura 
et al. 
(1963) 

Japan 
(Japanese 
Children) 

 
116 

 
1 – 6 years 

-Retrospective  
-X-ray 
measurements. 
 

 
1 year 

 
4.71 cm2 

• Size (cm2) with respect to age: 
1yrs= 3.06; 2yrs= 4.33; 3yrs= 
4.56; 4yrs= 4.10; 5yrs= 5.53; 
6yrs= 6.68 

Rubensohn 
(1965) 

Sweden 
(Swedish 
Children) 

 
430 

 
1 – 15 years 

-Retrospective 
-Mastoid X-ray 
measurements. 
 

 
1 year 

 
9.32 cm2 

• Size (cm2) with respect to age: 
1yrs= 4.7; 2yrs= 4.8; 3yrs= 6.5; 4yrs= 
7.2; 5yrs= 8.6; 6yrs= 9.1; 7yrs= 10.9; 
8yrs= 11.4; 9yrs= 12.7; 10yrs= 10.1; 
11yrs= 9.9;  
12yrs= 11.0; 13yrs= 11.4; 14yrs= 12.7 

Arora et al. 
(1973) 

Indian 
(North Indian 
Children) 

 
100 

 

 
5 to 15 years 

-Retrospective 
-Roentgenographic 
planimety  
 

 
5 years 

 
10.91±0.46cm2 

• Size (cm2) with respect to age: 
5 – 10 yrs = 7.66 (M); 9.09 (F) 
10 – 15 yrs = 9.30 (M); 10.02 (F) 

Wolfowitz 
(1974) 

South Africa 
(South African 
“Bantu-speaking 
Blacks”) 

 
– 

 
17 – 90 years 

-Retrospective 
-Dried cadaver 
planimetry 

 
– 

 
– 

 
– 

Qvarnberg 
(1981) 

 
Finland 
(Finish Children) 

 
232 

Birth to 16 
years 

- Retrospective 
-X-ray planimetry  
 

 
1 year 

 
9.66 cm2 

• Size (cm2) with respect to age: 
0-5months= 2.9; 6-11months= 3.3; 
1yrs= 3.7; 2yrs= 5.2; 3yrs= 6.7; 4yrs= 
7.9; 5yrs= 9.8; 6yrs= 10.7; 7yrs= 10.6; 
8yrs= 10.7; 9yrs= 12.2; 10yrs= 12.0; 
11yrs= 12.0; 12yrs= 12.0; 13yrs= 12.0; 
14yrs= 12.0 
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Chatterjee 
et al. 
(1990) 

Indian 
(West Bengal: 
Bengalee People) 

 
100 

6 months to 
60 years 

-Cross-sectional 
retrospective study  
-Xray planimetry 
 
 

 
5 years 

 
12.05 ± 0.67 cm2 (male) 

 
11.45 ± 0.70 cm2 (female) 

• Size (cm2) with respect to age: 
1 – 5 yrs = 7.38 (M); 7.19 (F) 
5 – 10 yrs = 11.51 (M); 9.69 (F) 
10 – 15 yrs = 11.89 (M); 11.47 (F) 
15 – 20 yrs = 12.54 (M); 13.87 (F) 
Above 20 yrs = 16.93 (M); 14.76 (F) 

Park et al. 
(2000) 

Korea 15 20 – 35 years -Axial CT   
– 

167.0 cm2 

(Range= 74.78 cm2 – 
330.01 cm2) 

 
– 
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Table 2: Previous studies analyzing the volume of temporal bone pneumatization and air cell system 
Author 
(Date) 

Country 
(Population) 

Sample 
Size 

Age 
(Years) 

Methodology Age  
grouping 

Temporal bone 
pneumatization  

(mean volume of air cells) 

Size of temporal bone air cell 
volume with age (M- male; F- 

female) 

Todd et al. 
(1987) 

– 30  Adults Lateral radiographs – 7.95 ml – 

Colhoun et 
al. (1988) 

– 26  Adults HRCT images – 9.5 cm3 – 

Isono et al. 
(1999) 

 
Japan 

26  
 

Adults CT film – 5.97 ml – 

Park et al. 
(2000) 

Korea 15 20 – 35 years Axial CT l  
– 

10.43 cm3 

(Range= 6.25 cm3 – 20.52 
cm3) 

 
– 

Luntz et al. 
(2001) 

Israel 69  
 (Adult)  

3D reconstruction of 
ultra-HRCT 

 
– 

6.61 cm3  

(Range= 1.3 cm3 – 12.7 
cm3) 

 
– 

Vabrec et 
al. (2002) 

– – > 14 years 3D CT volumetric 
reconstruction 

– 5.56 ml – 

Isono et al. 
(2003) 

Japan 
 

80 
 

1 – 18 years HRCT images (2 mm) 
 

– 5.97 ml 
(Adults only) 

– 

Koc et al. 
(2003) 

Turkey 
(Turkish 
Population) 

50  
– 

-Retrospective  
3D-MPVR HRCT 

 
– 

7.9 cm3 
(4.0 cm3 – 14.0 cm3) 

 
– 

Lee et al. 
(2005) 

Korea 
(Korean 
population) 

102 
 

6 – 84 years -Retrospective  
3D-MPVR CT images 
(2.5 mm)  
 

10 years 3813.85 mm3 
(Children: 0-10yrs) 

 
7095.20 mm3 

(Adult: 19-44yrs) 

• Size (mm3) with respect to age: 
0 – 9 yrs = 4315.4 (M); 3312 (F) 
10 – 19 yrs = 6963.9 (M); 7320.6 (F) 
20 – 29 yrs = 8211.7 (M); 6748.6 (F) 
30 – 39 yrs = 7321.1 (M); 6403.9 (F) 
40 – 49 yrs = 6333.7 (M); 6306.1 (F) 
50 – 59 yrs = 6580.9 (M); 5063.8 (F) 
60 – 69 yrs = 4993.0 (M); 5092.3 (F) 
70 – 79 yrs = 4961.3 (M): 2,759.5 (F) 
80 – 89 yrs = 2012.6 (M); 2022.3 (F)  
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Han et al. 
(2007) 

South Korean 
(Young 
Korean Adult) 

92 
 

≥ 20 years -Retrospective 
3D-MPVR CT (1 mm) 
 

 
– 

 
15.28 ± 5.34 cm3 

 
– 

Molvaer et 
al. (2009) 

 
– 

55   
– 

Acoustic method 
(Fluid-filling induced 
vacuum) 

 
– 

 
6.5 cm3 (2 – 22 cm3) 

 
– 

Kim et al. 
(2010) 

Korea 
(Korean adult) 

60 
 

18 – 63 years -Retrospective 
-PNS 3D CT 
 

 
– 

 
6151.25 mm3 

 
– 

Hill (2011) Columbia, 
Missouri 
(Human 
Cadaveric 
temporal bone) 

28 0 – 25 years -Cross-sectional 
sampling 
-3D reconstruction  
 

 
– 

 
Adolescents = 3199.84 mm3 

 
Adults = 4545.44 mm3 

 

 
– 

Jadhav et 
al. (2014) 

University of 
Connecticut 
Health Centre 

78 
 

16-84 years -Retrospective  
-Cone-beam CT 
 

 
– 

1337 ± 9 mm3 
(Infants only) 

 
– 
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Table 3: Summary of studies on devised and suggested classification systems of the temporal bone degree of pneumatization. 
Author Method Classification System 

Virapongse et al. 
(1985) 

CT image A scoring system based on number of air cells on CT slice that best demonstrate the region (4 Grades) 
Grade 1- 10 or fewer medium-sized cells 
Grade 2- 11 – 30 cells 
Grade 3- 31 – 50 cells  
Grade 4- 51 or more cells. 

Koc et al. (2003) 3D-MPVR of 
CT image 

Volume of mastoid air cells (3 Levels) 
Level 1- small pneumatization with an air cell system not exceeding 6. cm3. 
Level 2- medium pneumatization with an air cell system of 6 to 10.cm3. 
Level 3- large pneumatization with an air cell system exceeding 10. cm3. 

Al-Faleh and Ibrahim 
(2005) 

Cone-beam 
CT (CBCT) 

Surface evaluation of air cells around the mastoid process, glenoid fossa, and articular eminence 
Grade 0- pneumatization limited to the mastoid process. 
Grade 1- pneumatization between the mastoid process and glenoid fossa. 
Grade 2- pneumatization between the glenoid fossa's deepest part and the articular eminence's tip. 
Grade 3- pneumatization extending beyond the crest of the articular eminence. 

Han et al. (2007) HRCT (Axial) Using the SS as a reference structure and malleoincudal complex as a landmark (4 Degrees) 
Group 1- Hypo-pneumatization 
Group 2- Moderate pneumatization 
Group 3- Good pneumatization 
Group 4- Hyper-pneumatization. [Figure 8] 

Jadhav et al. (2014) CBCT On CBCT with reference to carotid canal (3 Degrees) 
Group 1- No pneumatization (None). 
Group 2- Mild pneumatization 
Group 3- Complete pneumatization. [Figure 9] 

Marchioni et al. 
(2016) 

CT (Sagittal) Using the labyrinth, petrous apex, and internal auditory meatus as reference structures (3 Types) 
Type A- well-pneumatized temporal bone at the most inferior and medial portion of the petrous apex  
Type B- limited pneumatized bone below the labyrinth. 
Type C- no air cells at the petrous apex's most inferior and medial portion. 
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Table 4: Review of studies that have utilized different classification systems to investigate the degree of temporal bone 

pneumatization in different populations. 
Author Sample size Population 

(Location) 
Age 

(Years) 
Methodology Classification method(s) Most common temporal bone degree of 

pneumatization 
Virapongse 
et al. (1985) 

100 patients 
 

White (Non-Hispanic) 
(Connecticut, USA) 

 

6 – 8  CT scans Utilizing subjective evaluation of 
the approximate surface area of 
pneumatization and the number of 
air cells (Virapongse et al., 1985) 

Grade 2 & Grade 3 account for 84% of the 
population 

Han et al. 
(2007) 

92 patients 
 

Young Korean Adult 
(South Korea) 

≥ 20 CT scans in 
axial view  

Utilizing reference structures (SS, 
labyrinth & carotid canal) (Han et 
al., 2007) 

 
Group 2 (Moderate pneumatization): 48 cases 
 

Jadhav et al. 
(2014) 

78 patients 
 

University of 
Connecticut Health 

Centre  

18 – 70  CBCT scans Utilizing reference structures 
(labyrinth and carotid canal) (Han 
et al., 2007; Jadhav et al., 2014) 

 
Group 2 (mild pneumatization): 57 cases 

Bronoosh et 
al. (2014 

225 patients 
 

Iranian  
(Iran)  

8 – 85  HRCT scans 
in axial view 

Utilizing reference structures (SS, 
labyrinth & carotid canal) (Han et 
al., 2007) 

SS as reference 
Hyper-pneumatization: R= 30.0%; L= 31.7%  
Labyrinth & carotid canal as references 
Group 1: R= 42.3%; L= 43.4%  

Demirel et 
al. (2014) 

250 patients 
(127 males & 
123 females) 

Turkish Adult 
(Turkey) 

 

 
– 

CBCT scans 
in axial view 

Utilizing surface evaluation of air 
cells around the mastoid process, 
glenoid fossa & articular 
eminence (Al-Faleh & Ibrahim, 
2005) 

Grade 1 & Grade 2 accounting for 74% of the 
population 
(67.33% male; 60.57% female) 

Tan et al. 
(2018)  
 
*Largest 
study so far 

299 patients 
(166 males & 
133 females) 
 
 

Singapore  
Chinese= 221 

Malay= 47  
Indian= 31  

 
13 

CT scans in 
axial and 
sagittal views 

Utilizing reference structures (SS, 
labyrinth &carotid canal). (Han et 
al., 2007 & Marchioni et al., 
2016) 

SS as reference 
Hyper-pneumatization- 55.4%  
(There is no significant association between 
age, sex and population group, and degree of 
pneumatization). 
Labyrinth & carotid canal as reference 
Group 2- 54.8%  
(There is a significant association between 
age and sex and degree of pneumatization 
but not in the population group). 
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1.2.5 Overview of Temporal Bone Fracture and Trauma, Incidence Rate, and Clinical 

Significance of Temporal Bone Pneumatization 

Temporal bone fractures are lesions in individuals/patients mostly with traumatic brain injury 

(Secchi et al., 2012). Major causes may include heavy falls, car accidents, sports injuries, and 

physical assault (Secchi et al., 2012). Currently utilized classification of temporal bone fractures 

is given as: i) otic capsule-violating fractures that course through the labyrinth (i.e., the cochlea, 

vestibule, and semicircular canals); ii) otic capsule-sparing fractures which do not involve the otic 

capsule (Secchi et al., 2012; Most, 2020). The previous classification of temporal bone fractures 

can be given as follows: longitudinal fractures- which make up 70% to 90% of temporal bone 

fractures, extending through the ME and rupturing the tympanic membrane; transverse fractures- 

which make up 10% to 30% of temporal bone fractures, crossing the fallopian canal and otic 

capsule; and mixed fractures- which is a combination of the characteristics of longitudinal and 

transverse fractures (Secchi et al., 2012). 

The overall incidence rate of traumatic brain injury in 100,000 people in 2015 was as follows: 

North America- 1299, Africa- 801, Europe- 1012, Eastern Mediterranean- 897, and Southeast Asia 

984 (Dewan et al., 2019). In a systemic review by Dewan et al. (2019), 69 million individuals 

(ranging from 64 – 74 million) are estimated to suffer traumatic brain injury from all causes yearly. 

Road traffic accidents were the most common cause, the greatest in Africa and Southeast Asia 

(56%) and the lowest in North America (25%). 

According to World Head Injury Awareness Day on 20th March 2016, head injuries were reported 

to be relatively common in South Africa and have devastatingly impacted many people’s lives. 

Eighty-nine thousand new cases of traumatic brain injuries are reported every year. The most 

common causes are motor vehicle, bicycle, or vehicle-pedestrian accidents (50%), falls (heavy or 

moderate) accounting for 25%, and violence (which is also one of the four major epidemics faced 

in South Africa) accounting for 20% (Makolane et al., 2019). Makolane et al. (2019) reported the 

prevalence of basal skull fracture to be 15.2% (32 out of 210 patients) in the Tshwane district of 

Gauteng province. The majority (80.5%) were under 40 years old, with a male-to-female ratio of 

3:1. The middle cranial fossa was identified as the most frequently fractured compartment (18/32; 

56.25%), with the petrous bone being the most fractured, both in isolation and in combination with 
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other bones (12/18; 66.67%). Major causes were vehicle-pedestrian accidents, falls, and violence 

(Makolane et al., 2019). 

Temporal bone pneumatization plays an important role in the absorption and dispersion of kinetic 

energy (serving as a shock absorber) in lateral skull-based fractures (Kang et al., 2019). It can 

prevent further damage to the auditory apparatus.  Kang et al. (2019) substantiated this by 

revealing that otic capsule-violating fractures were present only in temporal bone with reduced 

pneumatization. However, the air cell system of the temporal bone is believed to have an important 

role in surgical intervention in this region of the skull (Koc et al., 2003).  

Also, the degree of pneumatization of the petrous temporal bone has important surgical 

implications. For instance, the success of ME surgery depends on mastoid pneumatization, i.e., it 

is a prognostic factor (Allam, 1969). Patients with poor pneumatization are more prone to 

complications in this surgical procedure (Lee et al., 2015). This is because mastoid cells are air 

reservoirs of the ME, thereby regulating ME pressure (Koc et al., 2003).  Additionally, Stieglitz et 

al. (2010) revealed that patients with higher mean air cell volume in the petrous bone undergoing 

retrosigmoid surgical removal of vestibular schwannoma had a significantly higher rate of 

postoperative cerebrospinal fluid (CSF) fistula. Air cells in the petrous temporal bone can also 

provide CSF otorrhea routes after skull base surgery for cerebellopontine angle tumors (Yamakami 

et al., 2003). 

1.2.6 Overview of Otitis Media (OM), Middle Ear (ME) Pathology and Hearing 

Impairments, Incidence Rate, and Clinical Significance of Temporal Bone Pneumatization 

Temporal bone pneumatization has been implicated in the pathophysiology of chronic ear 

infections such as OM and ME pathology (Tan et al., 2018). This is because the extent of 

pneumatization clinically correlates with the spread of infectious diseases that may bring about 

chronic ear diseases, leading to hearing dysfunction and hearing impairments/loss (Olusanya et 

al., 2014). For instance, a poor pneumatized temporal bone (hypo-pneumatization) or the small air 

cell system predisposes to acute and chronic OM (Koc et al., 2003). 

Hearing is an essential sensation in human communication, and its impairment at any stage of 

one’s life can compromise the communication process, thereby influencing the quality of one’s 

life (Taylor et al., 2012; Ramma & Sebothoma, 2016). Table 5 below shows the prevalence of 
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disabling hearing loss (hearing loss greater than 35dB in the better hearing ear) across regions of 

the world among children and adults (adapted from WHO, 2012). Sub-Saharan Africa (*) accounts 

for the second-highest prevalence in children, with a high incidence in adult males and females. 

Table 5: Prevalence of disabling hearing loss across regions of the world. 

Selected Regions DHL in children DHL in adults 
Both sexes Males Females 

millions prevalence 
(%) 

millions prevalence 
(%) 

millions prevalence 
(%) 

High-income 0.8 0.5 19 4.9 18 4.4 
Central/Eastern Europe and 
Central Asia 

1.1 1.6 14 9.0 16 8.8 

Sub-Saharan Africa 6.8 1.9 17 7.4 13 5.5 
Middle East and North 
Africa 

1.2 0.9 6 4.1 4 2.9 

South Asia 12.3 2.4 52 9.5 36 7.0 
Asia Pacific 3.4 2.0 19 8.7 15 6.8 
Latina America and 
Caribbean 

2.6 1.6 15 7.6 13 6.0 

East Asia 3.6 1.3 41 7.4 30 5.6 
World 31.9 1.7 183 7.5 145 5.9 
MBD, WHO, 2012 DHL estimates 
DHL: Disabling Hearing Loss 

 

In South Africa, hearing impairment is the third-highest reported disability after visual impairment 

and physical disability (Statistics South Africa, 2012). World Health Organization (2011) also 

classified hearing loss as a poverty-related disease, one of the four major epidemics faced in South 

Africa. Most studies on the prevalence of hearing loss and disorders in South Africa have ascribed 

the major cause of hearing loss to ME infections such as OM and other ME pathologies 

(highlighted in Table 6 below). 

Otitis media is the inflammation of the ME, which comprises a spectrum of diseases (Tesfa et al., 

2020). It has been ranked as the second-most common cause of hearing loss (Morris & Leach, 

2009; DeAntonio et al., 2016) and the fifth global burden of disease, with the highest incidence 

rate in Sub-Saharan Africa and South Asia (Vos et al., 2015; Tesfa et al., 2020).  

* 



24 
 

Early studies conducted across South Africa to investigate the prevalence of OM and other ME 

pathologies among children and adults varied between 7.2% and 38% (Halama et al., 1986; Nel et 

al., 1988; Cilliers et al., 1988). Incidence rates have been on the increase to date [Table 7]. 

Phanguphangu (2016) revealed a high prevalence (51%) of outer and ME pathologies in pediatrics. 

According to the study by Prescott and Kibel (1991), 59.7% of school children in the Western 

Cape have different types of ear and hearing disorders. The most recent study in Western Cape 

indicated a referral rate of 7.9% (Mahomed-Asmal et al., 2016). Furthermore, ME 

infections/diseases could ultimately lead to conductive hearing loss (when sound cannot get 

through the outer and middle ear) in the school-aged and general populations (Mulwafu et al., 

2016). 
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Table 6: Prevalence of Hearing Loss and Disorder and Reported Causes in South Africa 
Author Location Age  

(Years) 

Sample Prevalence Causes 

Prescott & Kibel 

(1991) 

Western cape School 

children 

401 59.7% have different types of ear and 

hearing disorders 

Past acute OM (progressive to chronic), ME 

effusion, obstructing wax plug,  

Couper (2002) KwaZulu-Natal < 10 2036 More in children between 6 – 9 years – 

North-Marhiaseen 

& Singh (2007) 

Western Cape 6 – 12 1101 

 

7.9% – 

Pullen (2015) Limpopo Mean age 

27.9 

850 

 

8.9% have hearing loss (≥ 65yrs with the 

highest) 

OM (more often) impacted cerumen 

Mahomed-Asmal et 

al. (2016)  

Tshwane, 

Gauteng  

Children 1070 2.2% Middle-ear effusion, cerumen in the ear canal, 

OM 

Ramma & 

Sebothoma (2016) 

Cape town 1 – 60+ 2494 12.5% have hearing loss 

(4.57% disabling hearing loss among ≥ 4 

years) 

History of trauma, age, gender (male), 

hypertension, a family history of hearing 

impairment 

Louw et al. (2018) Tshwane, Gauteng. 3 – 97 1236 

 

17.5% have hearing loss 

(3 – 4yrs= 4.8%; 15 – 39yrs= 5.7%; ≥ 

40yrs= 15%) 

ME disease, high cost of ear and hearing services 

Joubert & Botha 

(2019) 

Elias Motsoaledi 

Local Municipal 

15 – >65 1428 19.88% Ear disease with cerumen and OM reported 

most often 
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Table 7: Incidence of Otitis Media (OM) and Other Middle-Ear (ME) Pathologies in South 

Africa 
Author Location Sample Outcome 

Halama et al. 

(1986) 

Vhuri-Vhuri 

village, Venda 

267 children 

(< 15 years) 

OM in children (8.2%) 

Nel et al. (1988) Pretoria 146 primary 

school children 

ME pathology (7.2%) 

Cilliers et al. (1988) Pretoria 94 subjects 

(66 – 95 years) 

Outer and ME pathology (38%) 

Biagio et al. (2014) WHWC, North of 

Johannesburg 

140 children 

(2 – 16 years) 

-OM: younger children (31.4%) and older 

children (16.7%). 

-OM effusion (16.5%) 

Phanguphangu 

(2016) 

Limpopo 1089 pupils Outer and ME pathologies (51%) 

 

1.2.7 Overview of Temporal Bone-Related Vascular Structures 

Major vascular structures related to the temporal bone are mostly found passing through fissures 

and foramina in the petromastoid part and having different relationships with the auditory 

apparatus (Standring, 2008). These structures include the sigmoid sinus (SS), jugular bulb (JB), 

and internal carotid artery (ICA). 

The SS is an S-shaped dural venous sinus extending from the mastoid process to the jugular 

foramen beneath the temporal bone. It is a continuation of the transverse sinus, passing infero-

medially in a groove on the mastoid process of the temporal bone (Shaikh, 2012).  

The JB connects the SS and the internal jugular vein (Shaikh, 2012). It is somewhat enlarged to 

form the superior bulb arising from the first part of the internal jugular vein, which projects into 

the floor of the tympanum (Friedmann et al., 2011).  

The ICA is the terminal branch of the common carotid artery that most frequently arises between 

the C3 and C5 vertebral levels, where the common carotid bifurcates to form the internal carotid 

and external carotid arteries.[Figure 10] 
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Figure 10: Diagram showing temporal bone-related vasculatures highlighted (adapted from Liu et al., 

2008) 

The pneumatization of the temporal bone is believed to significantly influence the anatomy of the 

vessels related to this region (Singh et al., 2017). These vessels are important in planning and 

executing surgeries on petrous and mastoids (Sarmiento and Eslait, 2004). For instance, the SS has 

greatly assisted in preventing complications in cases where osteomas and cholesteatomas have 

destroyed traditional landmarks such as the posterior auditory canal wall or posterior semicircular 

canal (Sarmiento and Eslait, 2004). Besides, some of these related vessels are commonly 

encountered in routine clinical practice. They can pose dangers (i.e., pitfalls for surgeons) during 

related surgical procedures (Inal et al., 2015), e.g., the JB and its variants, as well as anteriorly 

placed SS (Kawano et al., 2000; Clarke and Booth, 2017). 

1.2.7.1 Morphology and Anatomical Variants of the Sigmoid Sinus (SS) 

The SS morphology varies in shape and location (Sarmiento and Esliat, 2004). Dai et al. (2007) 

noted that temporal bone pneumatization might be a contributing factor to this. Also, Singh et al. 

(2019) identified that the volume of mastoid pneumatization impacts the location of the SS, as a 

more properly placed SS was associated with a larger volume of mastoid air cells. Anatomical 
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variations of SS may result in aberrant variants such as SS diverticulum or dehiscence, which 

induce abnormal blood flow within the SS with resultant hearing symptoms (Wenjuan et al., 2015). 

Different morphologies and anatomical variations of the SS have been described and classified. 

Ichijo et al. (1993) classified the SS into three types of shapes considering the SS- depth (D) and 

SS- width (W) of the lateral sinus: half-moon type, protrusive type, and saucer type, utilizing CT 

imaging in an axial plane. 

Furthermore, the half-moon type of SS was ascribed to a healthy mastoid and seen as a regular 

type (most common) of SS [Table 8]. This was observed in the study by Sirikci et al. (2004) that 

the SS shape becomes more protrusive as the air cells diminish. Sarmiento and Eslait (2004) also 

classified the SS into three types according to the location in the mastoid: type 1, type 2, and type 

3 (Trautmann’s triangles), utilizing 96 cadaveric adult temporal bones from individuals with no 

history of ear disease by dissection, simulating a canal wall-up mastoidectomy with extension to 

expose the facial recess epitympanium and SS. 

1.2.7.2 Morphology and Anatomical Variants of the Jugular Bulb (JB) 

Jugular bulb variants in terms of size, location and relationship with nearby structures are 

multifactorial, which may depend on the degree of pneumatization of the temporal bone (Dai et 

al., 2007; Friedman et al., 2010; Inal et al., 2015). Additionally, blood flow-related factors and 

changes to the semicircular canal orientation with age may contribute to JB varaints (Lyu et al., 

2016). There are several categories of JB variants/anomalies; high or high-riding JB, JB 

diverticulum, inner ear adjacent JB, and JB-related inner ear dehiscence. These JB anomalies are 

also responsible for some irrelevant buzzing in the ear, which, when consistent, may damage the 

ear and its function (Friedmann et al., 2011). 

Friedmann et al. (2011) and Park et al. (2015) identified a high JB (HJB) as a common JB variant 

that is not rare in a population. Kawano et al. (2000) confirmed this as their study's overall 

incidence of an HJB was 16%. An initial clinical study by Aslan et al. (1997) showed a higher 

incidence of HJB, as 23% of the population studied accounted for this [Table 8]. Low et al. (1995) 

conducted a study on the influence of population variation on the position of the JB among 58 

Chinese and 60 Caucasians, and it was concluded that population variation did not have an 

influence on the height of the JB in a sagittal plane between the studied populations. However, 
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population influence can be possible when HJB is medially or laterally situated. Other studies on 

the incidence of JB variants are summarized in Table 8. 

1.2.7.3 Morphology and Anatomical Variants of the Internal Carotid Artery (ICA)  

An ICA variation, such as an ICA dehiscence, could present with pulsatile tinnitus (Cavusoglu et 

al., 2016; Kizildag et al., 2016). In a pathological study (University of Michigan Hospital, USA) 

by Silbergleit et al. (2000), aberrant ICA was found to be present in five patients of different age 

groups with a history of hearing symptoms. In the same study, a persistent stapedial artery was 

present, arising from an aberrant ICA and coursing through stapes via angiographic and surgical 

findings, respectively. Furthermore, a clinical study of Inal et al. (2015) observed ICA dehiscence 

to occur in unilateral and bilateral HJB among 20 adult patients in Kirikkale, Turkey [Table 8]. 

Persistent Stapedial Artery (PSA): The persistent stapedial artery is a rare vascular anomaly 

(with a histopathologic incidence of 2 in 1400 specimens) that may present as a pulsatile ME mass 

found incidentally during ME surgery (Yilmaz et al., 2003). The prevalence of this anomaly is 

estimated to be 0.02 to 0.48% (Govaerst et al., 1993; Silbergleit et al., 2000). When a PSA is 

present, it can cause conductive hearing loss by limiting the movement of the stapes, thereby 

mimicking otosclerosis (Goderie et al., 2017). In such cases, stapedectomy is carried out to 

improve hearing. No sex-based studies on the incidence of PSA have been carried out. However, 

only clinical studies have been conducted on its occurrence in some patients with a history or 

existing hearing symptoms (Silbergleit et al., 2000; Yilmaz et al., 2003). In most of these clinical 

studies, PSA occurs in most cases of hearing symptoms alongside aberrant ICA in different age 

groups (Silbergleit et al., 2000).
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Table 8: Morphological studies of temporal bone-related vascular structures 
Author Country/ 

Location 
Age 

(years) 
Sample Method Temporal bone-related Vascular Variants 

Jugular Bulb (JB) Sigmoid Sinus (SS) Internal Carotid 
Artery (ICA) 

Normal 
JB 

High 
JB 

JB 
Dehiscence 

Flat 
JB 

High-
riding JB 

Half-
moon 

Protrusive Saucer ICA  
Dehiscence 

Aslan 
et al. 
(1997) 

Italy Adults 30 
temporal 

bones 

Formalin-
fixed skull 
(Dissection) 

– 23% – – – – – – – 

Sirikci 
et al. 
(2004) 

Turkey 17-67 58 
patients 

Axial CT – – – – – 25(62%) 4(10%) 11(28%) – 

Vachata 
et al. 
(2010) 

Czech 
Republic 

Adults 200 
temporal 

bones 

Alcohol-fixed 
skull base & 
HRCT 

68% 15.5% – 15% 1.5% – – – – 

Inal et 
al. 
(2015) 

Turkey 30 – 
86 

40 ears HRCT 13 27 
 

– – – – – – – 
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1.3 Problem Statement  

The temporal bone, despite being smaller in size when compared to other bones of the cranial 

vault, remains a complex anatomical structure (Osama et al., 2018). One of its major complexity 

is the degree of pneumatization, which gives the temporal bone its resilient properties against 

fractures due to direct trauma on the lateral aspect of the skull (Kang et al., 2019). Globally, 

traumatic head injuries and temporal bone fractures incidences keep increasing, bringing 

psychological distress to individuals involved (Dewan et al., 2019; Psychology Today, 2020). In 

South Africa, there is an increase in head injuries and lateral basal skull fractures resulting from 

motor vehicle accidents, falls, and violence- one of the major epidemics faced by South Africans 

(Makolane et al., 2019). Despite the increasing rate of temporal bone fracture and trauma, literature 

has revealed no information regarding the pattern of pneumatization of the temporal bone in this 

population. Tan et al. (2018) stated that the pattern and degree of pneumatization vary among 

individuals or different population settings with possible factors including age, sex, genetics, 

environment, nutrition, and diseases. Although Wolfowitz (1974) described the pneumatization of 

the skull among the South African “Bantu-speaking Blacks,” information on the pneumatization 

of the temporal bone is still lacking. 

Furthermore, the success of surgical procedures following direct trauma to the lateral base of the 

skull and ME surgery is highly dependent on the degree or extent of pneumatization, which also 

serve as a prognostic factor (Allam, 1969; Koc et al., 2003). It could also give where the position 

of related vasculatures, such as the SS and JB (Singh et al., 2019). Aberrant positions that could 

become pitfalls for surgeons (i.e., there is an element of association between pneumatization and 

the morphological and morphometrical variations of temporal bone-related vasculature) (Dai et 

al., 2007; Singh et al., 2017; Singh et al., 2019). Currently, there is no standardized method of 

classifying the extent or degree of temporal bone pneumatization, resulting in a lack of consensus 

among otologic, head, and neck surgeons. Although few authors have tried to devise some 

classification systems, literature has shown that most classifications are limited in their aspects 

(Singh et al., 2017). Furthermore, previous studies have also highlighted the paucity of data in 

ascertaining the association between different degrees of pneumatization of the temporal bone and 

anatomical variations of its related vessels and their relationship with ear regions. 
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However, the genetic and environmental theories of pneumatization described the relationship 

between temporal bone pneumatization and ear infections such as OM to be “a chicken and egg” 

tale (i.e., dependent of each other) affecting the size of the temporal bone air cell system, which is 

a determinant of its degree of pneumatization (Turgut & Tos, 1992; Han et al., 2007). Otitis media, 

on the other hand, remains one of the global burdens of disease (Tesfa et al., 2020; WHO, 2021), 

with an increasing incidence rate in South Africa, ranging between 31.4% and 51% (Biagio et al., 

2014; Phanguphangu, 2016). The onset of ME infections, such as OM, has been linked to the 

development of temporal bone pneumatization (Aoki et al., 1990; Koc et al., 2003). This is because 

a normal ME mucosa is a determinant for normal pneumatization (Wittmaack, 1931; Palva & 

Palva, 1966). What, then, is expected to be the normal size of air cells as regards age and growth? 

Information concerning the size of temporal bone air cells is still lacking within a South African 

Population. 

Knowledge of the size of air cells could be achieved by measuring the area (i.e., surface area) or 

volume. It is worth noting that the size and growth rate of temporal bone air cells has been reported 

to differ in some populations. Although volumetric analysis is more detailed when compared to 

area measurement of air cells (Koc et al., 2003), most of these studies utilized surface area 

measurements to describe the size of air cells in different cohort age groups, reporting the growth 

of air cells to terminate at early puberty or late puberty. However, the study of Lee et al. (2005) 

that utilized the 3D volumetric rendering technique of CT images with a slice thickness of 2.5 mm 

reported a continuous growth of air cells till the third decade of life. In other volumetric studies, 

the thinnest slice ever used is 1 mm. Precision in quantifying air cells requires very thin slices such 

as ≤ 0.6 mm. Hence, volumetric analysis utilizing very thin slices, which likely gives the foremost 

comprehensive insight to appreciate the estimate of mastoid air cells, is still not fully analyzed 

with age postnatally. 

1.4 Justification of Study 

The extent and anatomic distribution of pneumatization have relevance to the pathophysiology of 

chronic ear infections, surgical management of ear diseases, and surgical intervention of traumatic 

skull and temporal bone fractures (Howard, 2010). Aside from the protective properties of 

temporal bone pneumatization, one important factor to be considered by otologists and head and 

neck surgeons in temporal bone-related surgeries such as mastoidectomies and some lateral skull 
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base surgeries is the degree of temporal bone pneumatization, which also serve as a prognostic 

factor (Koc et al., 2003; Cinamon, 2009). It also has surgical implications for temporal bone-

related fractures, injuries and trauma (Lee et al., 2015). This is because air cells are usually exposed 

during these surgeries, usually accompanied by various complications, especially skull-base 

surgeries (Yamakami et al., 2003). For instance, patients with poor pneumatization are more prone 

to complications in ME surgeries. 

Furthermore, temporal bone pneumatization positively correlates with the risk of OM with effusion 

and tympanoplasty success rates (Sade & Fuchs, 1997; Baklaci et al., 2022). It could also give 

favorable positioning of related vasculatures, such as the SS and JB, that could become pitfalls for 

surgeons (Friedman et al., 2010; Inal et al., 2015; Singh et al., 2017). However, caution needs to 

be taken in patients with hyper-pneumatized mastoid as surgeons could easily “be at the mercy” 

of these vasculatures and their possible variants “that does not easily forgive” when suddenly 

encountered during bone drilling and other otologic surgeries.  

1.5 Research Question 

1. What is the size of air cells (in volume) of temporal bone pneumatization from early 

childhood to early adulthood in the South African population? 

2. What pattern/degree of temporal bone pneumatization exists among the South African 

population? 

3. Is there any association between the degrees of temporal bone pneumatization and 

incidences of temporal bone-related vascular variants and the relationship of these vessels 

with the ear regions in the study population? 

4. What reference structure and landmark can best be used for simple and concise 

classification of temporal bone pneumatization on a CT? 

1.6 Research Objectives 

1.6.1 General Objectives 

The study aimed to assess the pneumatization of the temporal bone, investigating the size (volume) 

of air cells developmentally (postnatal), its degree of pneumatization, and anatomical variations of 

some related vasculature using HRCT imaging and 3D volumetric rendering techniques in the 

South African population. 
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1.6.2 Specific Objectives 

1. To conduct a scoping review on temporal bone pneumatization and size and growth of the 

mastoid air cell system with age. 

2. To investigate the size of temporal bone pneumatization (in volume) with age and the 

growth rate of air cells at different stages of human development postnatally in the South 

African population, according to sex, laterality, and population groups. 

3. To investigate the incidence of morphological and morphometrical variations of some 

temporal bone-related vasculature within the South African population according to age, 

sex, and laterality. 

4. To investigate the pattern/degree of temporal bone pneumatization in the study population 

and how it influences the morphology of some related vasculatures in the petromastoid part 

of the temporal bone and their morphometric relationship with ear regions. 

5. To review and propose a simple and concise classification of the degree of temporal bone 

pneumatization using reference structures and landmarks among otologists in the South 

African population. 

1.7 General Overview of Research Methodology 

1.7.1 Study Population 

This study was a retrospective review of CT scans of patients aged between 0 to 35 years 

(according to Lee et al. [2005], which reported the growth of air cells to continue until age 30). A 

total of 11,378 head and neck CT scans in the last 5 years were retrieved and reviewed, from which 

only 248 scans (496 sides: right and left) were suitable and selected for this study. The CT 

scans/images were obtained from the Picture Archiving and Communication Systems (PACS) at 

Inkosi Albert Luthuli Central Hospital (IALCH) and Greys Hospital KwaZulu-Natal Province, 

South Africa.  

The age range of 0 to 35 years was further conveniently subdivided into seven levels: 0-2 years 

(infant); 3-5 years (young child); 6-9 years (middle child); 10-14 years (early adolescent); 15-18 

years (middle adolescent); 19-25 years (young adult stage I); 26-35 years (young adult stage II). 

Age categorization was similar to that reported by Hill (2011); according to age-related changes 

in the bony organization of pneumatized spaces in various regions of the temporal bone. Population 

grouping was also achieved by dividing patients into three population groups; Black South 
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Africans, White South Africans, and Indian South Africans. Generally, of the South African 

population, Black South Africans make up about 79.8%, White South Africans make up about 

8.7%, and Indian South Africans make up about 2.5% (Khalfani and Zuberi, 2001; L’Abbie et al., 

2011) 

1.7.2 Ethical Considerations 

Ethical approval for this study was obtained from the Biomedical Research Ethics Committee of 

the University of KwaZulu-Natal with approval number BREC/00002263/2020 [Appendix A]. In 

addition, ethical clearance was sought from the Department of Health, Kwazulu-Natal, with 

reference number KZ_202102_026 [Appendix B]. Permissions were also obtained from hospital 

sites and radiology departments [Appendix C]. 

This study also maintained 100% confidentiality and anonymity by documenting only patients’ 

age, sex, and population grouping. Other health information obtained was strictly used for this 

study only. A password access control was created on the workstation used for this study to protect 

all images' information and data. A plan to destroy images and electronic data obtained from the 

radiology department of these hospitals five (5) years after the study had been completed was put 

in place. 

1.7.3 Inclusion Criteria 

The inclusion criteria were the following: a) scans of patients between the age range 0 – 35 years; 

b) High-resolution multidetector CT images acquired with ≤ 0.6 mm collimation; c) images 

without observable signs of abnormal pathological processes in the temporal bone or temporal 

region; d) absence of bony destruction, fluid, or mass in any of the temporal bone air spaces; e) 

temporal bone images with no history of ME infection such as OM and any other pathology; and 

f) clear visualization of the mastoid, middle, inner ear region, and petrous apex. 

1.7.4 Exclusion Criteria 

Scans of patients above age 36, scans of patients that have undergone temporal bone or ME 

surgeries, and CT images with abnormal pathological conditions, bony destruction, or image 

distortion were excluded from this study. 
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1.7.5 Core Technology 

Computed tomography scanning offers the greatest structural definition of any available imaging 

modalities using X-ray technology and advanced computer analysis to create detailed body 

pictures (Mariam, 2020). This cross-sectional scanning method allows for the visualization at 

different levels or slices of the temples or sides of the skull bone using a rotating X-ray beam. The 

advent of HRCT scanning has stirred up the diagnostic imaging of the temporal bone. When a 

patient is scanned, a volume of data is captured. This captured data allows for linear measurements, 

volumetric surface rendering, multiplanar reconstruction, 3D reconstruction, and visual analysis 

at coronal, sagittal, and axial planes at any level. The CT images used for this study were from 

these modern CT scanners, which can produce numerous slices from a single patient scan at 0.625 

mm thickness or less. These scanners can also extract the air cells from the temporal bone in other 

quantify them (volumetrically) without further radiation exposure. The relationship between major 

vessels of the temporal bone can also be visualized at any of the planes. The CT program software 

also allows for measurement between related vessels. 

1.7.6 Scanning Protocol 

Temporal bone CT images were taken using a Multi-Detector row Computed Tomography 

(MDCT) Scanners (Lightspeed CT, GE Healthcare Medical System, Milwaukee, Wisconsin, USA; 

and SOMATOM Definition Flash CT Scanner, Siemens Healthineers, Forcheim, Germany, both 

of 64 and 128 slice configuration, respectively). The scans were performed in a craniocaudal 

topographical direction using 140 kV, modulated mAs ranging between 280 – 400 mA (beam 

collimation 64 × 0.625; rotation 0.5 sec) with 30% dose reduction and ASIR-V application in a 

bony algorithm with a window width of >3000 hU and a window level of 500 hU. The axial view 

was reconstructed parallel to the orbito-meatal line using slice thickness of 0.625 mm, detector 

coverage of 20mm, and a PITCH of 0.5. The voxel size of images is isotropic. 

1.7.7 Method of Data Collection 

Temporal bone CT scans from the Picture Archiving and Communication Systems of the selected 

hospitals used for this study were retrieved. The retrieved scans were transferred using digital 

imaging and communication in medicine (DICOM) to a workstation IntelliSpace Portal (ISP) 

Version 11.1 (Philips Image and Information Management software, Nederland) [Figure 11]. 

Further screening was done on each scan to select scans that meet the inclusion criteria. The ISP 
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was used to analyze and collect all necessary data for this study. A data collection sheet was 

prepared to record all necessary observations and measurements taken from each scan that met the 

inclusion criteria [Appendix D]. A three-sectioned questionnaire was also designed to conduct a 

randomized survey among cohort otologists in KwaZulu-Natal Province. The questionnaire was 

subjected to face and content validation [Appendix E]. Further details are described in Manuscript 

Four (Chapter 5). 

 

Figure 11: IntelliSpace Portal (ISP) [Version 11.1]  
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1.7.7.1 Volumetric analysis of temporal bone air cells  

The clip and 3D segmentation process ISP viewer software (version 11.1) on the Workstation was 

used to achieve 3D models and calculate the volume of each temporal bone air cells. With a surface 

rendering algorithm of the lowest limit window level of -1,024 hU and the uppermost limit window 

level of -318 hU, the axial image was double-clicked to be enlarged. Next, 3D models were created 

using a smart segmentation process on ISP viewer software. The ISP then provided a calculator 

that automatically calculates the volume of each 3D reconstructed temporal bone pneumatization 

from the mastoid process to the petrous apex, including the ME.  

1.7.7.2 Morphometric analysis of temporal bone-related vasculature to ear regions 

Using measuring tools on ISP viewer software (version 11.1), the distance between temporal bone-

related vasculature (i.e., SS and JB) and ear regions (i.e., IAC, ME, and EAC) was obtained using 

anatomical landmarks that best define the shortest distance between them. The points of 

measurement were standardized based on surgical relevance. Axial images at the level or about 

the level of the lateral semi-circular canal (LSCC) were used (visible landmarks of ear regions are 

best identified around this level). Further details are described in Manuscript Three (Chapter 4). 

(Image description available in Manuscript Three- Chapter 4). 

1.7.7.3 Morphological observation of temporal bone-related vascular variants 

On the ISP viewer software (version 11.1), anatomical variants of the SS, JB, and ICA were 

analyzed (Image description available in Manuscript Three- Chapter 4). 

i) Jugular bulb (JB): The following variants of the JB were identified according to Vachata et al. 

(2010), Inal et al. (2015), and Lee et al. (2015). 

- Flat jugular bulb (FJB): the absence of the dome (rising bulb), no bulb 

- High jugular bulb (HJB): when the bulb's dome is above the tympanic membrane's annulus. 

- JB Dehiscence: HJB extending into the ME cavity due absence of the sigmoid plate. 

ii) Sigmoid sinus (SS): The morphology of SS was identified according to the method of Ichijo et 

al. (1993) and Dai et al. (2007) by comparison between the SS depth (SS-D) and SS width (SS-

W) as follows; 

- Half-moon type: SS-D = ½SS-W 

- Protrusive type: SS-D > ½SS-W 

- Saucer type: SS-D < ½SS-W 
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ii) Classification at LSCC level using SS as a reference according to this study’s proposed 

classification system: On the axial CT image at the level of the LSCC, the lateral convex or 

semicircular-shaped line/border of the SS was divided into three equal segments by two imaginary 

dots (grey dots); superior-lateral 1/3 (black arrow), lateral 1/3 (blue arrow), and inferolateral 1/3 

(green arrow) [Figure 13]. The degree of mastoid pneumatization was classified as follows: Hypo-

pneumatization- when no air cells are found around any of the three segments of the lateral convex 

border of the SS [Figure 13a]; Moderate pneumatization- when air cells are found only in relation 

to the superior-lateral 1/3 segment and limited to this segment [Figure 13b]; Good pneumatization- 

when air cells are found in relation to both the superior-lateral 1/3 and the lateral 1/3 segments 

[Figure 13c]; Hyper-pneumatization- when air cells are found in relation to all three segments and 

even extend further after the inferolateral 1/3 [Figure 13d]. In addition, this classification system 

was verified by comparing each degree of mastoid pneumatization in the proposed classification 

system with the corresponding degree of pneumatization in the classification system proposed by 

Han et al. (2007). 

 
Figure 13: Diagram showing the proposed classification system. SS- sigmoid sinus. Grey dots- 2 

imaginary dots. Black arrow- superior-lateral 1/3 segment. Blue arrow- middle-lateral 1/3 segment. Green 
arrow- inferolateral side 1/3 segment. 

 

1.7.8 Scientific Validity 

High-resolution computed tomography scanning has stirred up the temporal bone's diagnostic 

imaging. It offers detailed visualization of its bony components, organs/tissues, and related vessels 

and nerves. Raw data from multiplanar CT acquisitions were loaded on ISP viewer software 

(version 11.1). The data were reconstructed into 0.6 mm axial images using the bone algorithm, 

and data were displayed in the three orthogonal planes (axial, sagittal, and coronal) for each 

temporal bone. Axial reformats were made in the plane parallel to the anterior and posterior limbs 
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of the LSCC. Images of 0.6 mm thickness and 0.5 mm inter-slice gap were generated. Coronal 

images of 0.6 x 0.5 mm were made in a plane perpendicular to the axial plane. Sagittal reformats 

were made perpendicular to the coronal images. Specific landmarks based on clinal relevance were 

adopted for specific morphological observations, morphometric analysis, and classification 

systems. A pilot study was conducted on 20 temporal bone CT images in order to ascertain these 

specific landmarks. Inter-observer reliability testing was carried out for morphological 

observations, morphometric analysis, and classification systems using 50 randomly selected 

temporal bone CT images (both left and right) by a first, second, and third observer to achieve 

accuracy and repeatability of the technique used in this study. The results for each inter-observer 

reliability testing are provided in their corresponding manuscripts. 

1.7.9 Data Analysis 

The R Statistical computing software of the R Core Team, 2020, version 3.6.3. was used to analyze 

data. All results were presented in descriptive and inferential statistical forms. Comparisons were 

made between each age level regarding air cell volume according to sex and population groups. 

Degree of pneumatization and anatomical variations of temporal bone-related vessels were 

compared as regards sex, laterality as well as the association between degrees of pneumatization 

and anatomical variants of these vessels. The accuracy of inter-observer assessment was also 

analyzed. Average, percentage, median, and interquartile ranges were computed from the data. 

The Wilcoxon test, Kruskal Wallis, Dunn test, Chi-Square test, and Fisher’s exact test for all 

inferential statistics. A P-value less than 0.05 was considered statistically significant. This study's 

statistical methods and analysis were conducted in consultation with the university statistician. 

1.8 Overview of the Thesis 

This thesis is written and submitted in manuscript form. As per the College of Health Sciences’ 

guidelines, this thesis comprises of six (6) chapters and appendices as follows: 

Chapter 1: This provides information on the background to the study, reviewed literature, problem 

statement and research gap, study justification, research questions, research objectives, general 

overview of research methodology, overview of the thesis, and references. 

Chapter 2: This chapter contains the first manuscript from the study and presents results for 

objective 1. This is a scoping review of studies conducted on the size of temporal bone 
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pneumatization with age identifying what is known and yet to be known as regards the size of air 

cells at different stages of human postnatal growth from early childhood to early adulthood. This 

manuscript was authored by Okikioluwa Stephen Aladeyelu, Kehinde Samuel Olaniyi, Samuel 

Oluwaseun Olojede, Wonder-Boy Eumane Mbatha, Andile Lindokuhle Sibiya, and Carmen Olivia 

Rennie, and has been published in PLoS ONE (Impact Factor 3.752; Q1). PubMed ID: 

35657972; https://doi.org/10.1371/journal.pone.0269360 

Chapter 3: This chapter contains the second manuscript from this study and presents results for 

objective 2. It reports the size of temporal bone pneumatization with age and the normal 

distribution of air cell volumes in different stages of human growth postnatally. This manuscript 

was authored by Okikioluwa Stephen Aladeyelu, Samuel Oluwaseun Olojede, Sodiq Kolawole 

Lawal, Matome Nadab Matshipi, Andile Lindokuhle Sibiya, Carmen Olivia Rennie, Wonder-Boy 

Eumane Mbatha, and has been published in Folia Morphologica (Impact Factor 1.195; Q2). 

PubMed ID: 36896646; https://doi.org/10.5603/FM.a2023.0016   

Chapter 4: This chapter contains the third manuscript from this study, presenting results for 

objectives 3 and 4. It reports different degrees of temporal bone pneumatization and how they 

influence the morphology and morphometry of temporal bone-related vessels, such as the JB, SS, 

and ICA. This manuscript was authored by Okikioluwa Stephen Aladeyelu, Samuel Oluwaseun 

Olojede, Sodiq Kolawole Lawal, Wonder-Boy Eumane, Mbatha, Andile Lindokuhle, Sibiya, and 

Carmen Olivia Rennie, and has been published in Scientific Reports (Impact Factor 4.998; Q1). 

PubMed ID: 36737493; https://doi.org/10.1038/s41598-023-29295-4 

Chapter 5: This chapter contains the fourth manuscript produced from this study and presents 

results for objective 5. It reviewed and conducted an interobserver assessment of temporal bone 

pneumatization using SS as a reference structure in order to propose a simple and concise 

classification of the degree of temporal bone pneumatization. This manuscript was authored by 

Okikioluwa Stephen Aladeyelu, Carmen Olivia Rennie, Kurt Schlemmer, Sodiq Kolawole 

Lawal, Wonder-Boy Eumane Mbatha, and Andile Lindokuhle Sibiya and has been published in 

Surgical and Radiologic Anatomy (Impact Factor 1.425; Q2). PubMed ID: 37024734; 

https://doi.org/10.1007/s00276-023-03130-x  
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Chapter 6: This chapter contains the synthesis, conclusion, recommendation, suggestions for 

future research, limitations, a summary of findings and contribution to knowledge, and references. 

Appendices: This contains the ethical and hospital approvals, data collection sheet, questionnaire, 

and informed consent form 

Finally, as per the format required by the University of KwaZulu-Natal, aspects of the sample 

demographics and methods had to be reported in each manuscript. However, the specific 

methodology employed for each aspect of the study is contained in the respective manuscripts in 

order to address the objectives. All manuscripts were prepared according to the guidelines of the 

respective journals.  
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BRIDGING TEXT 

From Chapter One to Chapter Two 

The previous chapter revealed the general anatomy of TBP and its clinical importance. A general 

overview of the methodology employed for this research was also discussed. Furthermore, 

previous knowledge on what is known and yet to be known about the development of TBP, 

classification of temporal bone degree of pneumatization, and association with anatomical 

variations of related vasculature was highlighted. The literature revealed that the one key area that 

required more detailed elaboration was regarding the size of the temporal bone air system with 

age. This is of high clinical relevance because of controversies arising from the relationship 

between mastoid air cells and OM, a disease with high global burden, either as a cause or 

consequence (as described by the genetic and environmental theories). What then is the normal 

size of TBP with age? What is the normal growth pattern or growth rate of air cells?  

The next chapter is a scoping review, highlights studies that have been conducted on the growth 

and size of mastoid air cells with age in order to identify what is known and yet to be known with 

regards to the size of air cells at different stages of human postnatal growth from early childhood 

to early adulthood. 

The scoping review in chapter two, titled “Temporal bone pneumatization: A scoping review on 

the growth and size of mastoid air cell system with age,” was submitted to Plos One (Public 

Library of Science Journal) on 27th July 2021 and published on 3rd June 2022. (Manuscript and 

references were written according to journal format). 
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BRIDGING TEXT 

From Chapter Two to Chapter Three  

As reported in chapter two, only nine studies were able to report mastoid air cells with age. It 

reported that the size of TBP increased with age, having a linear growth pattern until early 

adulthood. Also, it suggested variations in the size of mastoid air cells with age regarding sex and 

population group. Most of the available information on the mastoid air cell system size with age 

was based on the surface area through planimetric measurements with limitations as a result of too 

large and inconsistent age groupings leaving a significant gap in the understanding of pediatric air 

cell volume and air cell volume in the suggested three stages of development of TBP. It is in this 

respect that Chapter three was designed to investigate the size of TBP with age, and to describe 

the normal distribution of air cell volumes in different stages of human growth postnatally. 

The manuscript in chapter three, titled “Three-dimensional volumetric analyses of temporal bone 

pneumatization from early childhood to early adulthood in a South African population,” was 

submitted to Folia Morphologica on 19th October 2022 and published on 2nd March 2023. 

(Manuscript and references were written according to journal format).  
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BRIDGING TEXT 

From Chapter Three to Chapter Four 

In chapter three, the volumes of air cells in healthy temporal bones were observed to increase 

significantly with age up to adult stage I (19-25 years), followed by a significant decline in young 

adult stage II (26-35 years). The females were observed to experience an earlier increase than 

males. Also, differences in population groups were observed as the Black Africans had a higher 

volume with age than the White and Indian South African population groups. However, the rate at 

which a temporal bone is pneumatized have been hypothesized to contribute (as a result of a change 

in surface area) to the anatomical variations of temporal bone-related vasculature. This vasculature 

is very important in temporal bone or ear-related surgeries either as landmarks or pitfalls to be 

avoided during related surgeries. This hypothesis requires further research to substantiate this 

claim. In chapter four, the pattern or degree of TBP in relation to the morphology of some related 

vasculatures in the petromastoid part of the temporal bone and their morphometric relationship 

with the ear regions was investigated. 

The manuscript in chapter four, titled “Influence of pneumatization on morphology of some 

temporal bone-related vasculatures and their morphometric relationship with ear regions: a 

computed tomography study,” was submitted to Scientific Reports on 14th September 2022 and 

published on 3rd February 2023. (Manuscript and references were written according to journal 

format). 
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BRIDGING TEXT 

From Chapter Four to Chapter Five 

Chapter four reported the incidences of anatomical variations of temporal bone-related vasculature 

and was able to prove the claim that the rate or degree of pneumatization is one factor that 

influences the morphology of some temporal bone-related vasculatures and their morphometric 

relationship with ear regions. This was because the different degrees of temporal bone 

pneumatization were found to be significantly associated with the position of SS and JB to ear 

regions and the incidences of JB variants and ICA dehiscence. However, the classification of 

temporal bone degree of pneumatization is still yet to reach a consensus among otologists. With 

the methods utilized in this study, this current chapter tends to review and propose a simple and 

concise classification of the degree of TBP using reference structures and landmarks. 

This manuscript in chapter five explored the degree of variation in assessment of the temporal 

bone degree of pneumatization at two levels of CT in order to establish methods through which 

the degree of pneumatization can quickly and easily be classified. 

The manuscript in chapter five, titled “An inter-observer assessment of mastoid pneumatization 

and degree classification using sigmoid sinus: Comparing two levels of temporal bone computed 

tomograms,” was submitted to Surgical and Radiologic Anatomy on 7th October 2022 and 

published on 6th April 2023. (Manuscript and references were written according to journal format). 
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CHAPTER SIX 

SYNTHESIS, CONCLUSION, AND RECOMMENDATION 

6.1 Synthesis 

Despite the postulation of the genetic and environmental theories of temporal bone 

pneumatization, the following controversies still exist: i) the relationship between the growth and 

size of mastoid air cells and chronic middle-ear diseases such as OM, either as a cause or 

consequence; ii) the influence of pneumatization on the morphology of temporal bone-related 

vasculatures such as SS, JB, and ICA and their morphometric relationship with ear regions; and 

iii) lack of consensus in the classification of temporal bone degree of pneumatization (Diamant, 

1940; Todd, 1987; Koc et al., 2003; Sirikci et al., 2004; Han et al., 2007; Friedmann et al., 2011; 

Singh et al., 2017; Singh et al., 2019). Furthermore, studies on some of these controversies remain 

scarce, especially in South Africa. These controversies, therefore, necessitate finding the 

relationship between the size of air cells and age, the extent of influence of temporal bone 

pneumatization on temporal bone-related vessels, and proposing a simple classification of the 

degree of temporal bone pneumatization. The aim of this study was to assess the pneumatization 

of the temporal bone, investigating the volume of air cells developmentally (postnatal) with age, 

its degree of mastoid pneumatization, and its relationship with anatomical variations of some of 

its related vasculature utilizing HRCT scans in their finest slices that offers the greatest structural 

definition of temporal bone air cells, ear structures, and related vasculatures. A 3D reconstruction 

volumetric analysis of air cells was also utilized. 

From the scoping review conducted, the development of temporal bone pneumatization postnatally 

was suggested to be classified into three stages: infantile, transitional, and adult stages. Limited 

studies (n= 9) were able to document the size of air cells with age in terms of area and volume 

(Diamant, 1940; Kawamura et al., 1963; Rubensohn, 1965; Arora et al., 1973; Qvarnberg, 1981; 

Chatterjee et al., 1990; Isono et al., 2003; Lee et al., 2005; Hill, 2011). Information retrieved 

suggests that the size of air cells follows a linear growth pattern from age 1 to 6 years, followed 

by a rapid increase in size from age 6 years until puberty and slow, steady growth from puberty 

until early adulthood. However, this contradicts the review and reference study of Cinamon (2009), 

who suggested a slower increment in the size of air cells up to adult size at puberty but did not 

elaborate on the growth rate from puberty to early adulthood. Furthermore, information retrieved 
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from the scoping review also suggests variations in the size of temporal bone air cells with age 

according to sex and population group. These include females having larger air cells with a 

significant increase with age than males. These studies also suggested that the growth of air cells 

terminate at early puberty, late puberty, age 20, or the third decade of life (Diamant, 1940; 

Rubensohn 1965; Arora et al., 1973; Chatterjee et al., 1990; Isono et al., 2003; Lee et al., 2005). 

However, some significant limitations were identified in the reviewed studies. Volumetric 

measurements, which likely give the foremost comprehensive insight into appreciating the 

estimate size of mastoid air cells over the surface area (because it measures 3D space), were limited 

to three studies (Isono et al., 2003; Lee et al., 2005; Hill, 2011). Of these three studies, information 

is still lacking on pediatric (up to age 5) air cell volume and in the three suggested stages of 

postnatal development of temporal bone pneumatization owing to the large age grouping employed 

by Lee et al. (2005) and inconsistent age grouping employed by Isono et al. (2003) and Hill (2011). 

In addition, none of these identified studies were conducted in Africa, a region with the second-

largest prevalence of disabling hearing loss among children, of which chronic OM is a major cause.  

6.1.1 The volume of temporal bone pneumatization from early childhood to early adulthood. 

The present study provided information on the volumetric size of air cells in healthy temporal 

bones at every stage of human postnatal development, ascertaining its growth rate and completion 

stage in adult life. The average volumes temporal bone pneumatization of infants, children, 

adolescents, and adults obtained in the South African population were higher than the previous 

reports (Jadhav et al., 2014; Lee et al., 2005; Hill, 2011; Isono et al., 1999; Isono et al. 2003; Luntz 

et al. 2001; Koc et al. 2003; Kim et al. 2010). This discrepancy may be due to the different study 

population or technical characteristics since the present study utilized a 3D computer-based 

volumetric rendering technique on ≤ 0.6 mm slice thickness of CT images, giving more detailed 

volumetric information than previous literature.  

The study also revealed that the average air cell volumetric size of temporal bone pneumatization 

in the South African population was higher than other age-related studies reported in Japanese, 

Korean, and Colombian populations (Isono et al., 2003; Lee et al., 2005; Hill, 2011). The temporal 

bone pneumatization with average volumes of 1920 mm3 in pediatrics and 4510 mm3 in young 

children indicates that pneumatization of the temporal bone is expected to follow a rapid growth 

during childhood. These augment the reports of Sethi et al. (2006) and Knipe and Hacking (2014) 
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that air cells are readily visible after birth and immediately begin to increase in size and extent. 

Any deviation from the normal size and growth rate of temporal bone pneumatization reported for 

this population during childhood could perhaps indicate pathology of the ME between the infantile 

stage (>2 years) and transitional stage (2-5 years). This is according to the environmental theory 

identifying that the degree of pathologic involvement of the ME during childhood influences the 

size and growth of mastoid pneumatization with age (Palva & Palva, 1966; Turgut & Tos, 1992; 

Han et al., 2007). 

As regards the growth rate in the size of air cells and cessation of pneumatization according to 

postnatal stages of human development in the study population, the volume of temporal bone 

pneumatization was observed to continue a significant linear increase until young adult stage I (19-

25 years) and reduction in the volume of air cells, as well as a cessation in pneumatization in young 

adult stage II (26-35 years). This contradicts the previous reports about pneumatization terminating 

at puberty (Diamant, 1940; Arora et al., 1973; Qvarnberg et al., 1981). Although, these reports 

were identified to have utilized planimetric measurements, only giving information on the surface 

area of air cells, not volume. However, this concurs with the previous study that linked age-related 

changes to reduced air cells (Wright et al. 1987). Temporal bone pneumatization gives a protective 

function, acting as a shock absorber to direct trauma to the lateral skull base (Kang et al., 2019). 

The reduction in air cells and termination of temporal bone pneumatization observed in young 

adult stage II diminishes its protective functions. This reflects the increased incidence of skull-

based fractures (15.2%) among adults under 40 years of age (80.2% of the incidence) reported by 

Makolane et al. (2019) in South Africa following vehicle-pedestrian accidents, falls, and violence. 

Also, a significant increase (p<0.001) in pneumatization volumes in different age groups relative 

to sex was observed in this study. The females showed a much earlier rapid increase in the volume 

of temporal bone pneumatization before the onset of puberty (6-9 years), which is similar to the 

report of Diamant (1940), which utilized surface area, and Hill (2011), that measured both surface 

area and volumes. This may, however, be linked to early puberty in females. However, the males 

were observed to have a larger increase in pneumatization at late puberty up to the young adult 

stage I, similar to the previous study by Chatterjee et al. (1990) that utilized planimetric 

measurements of temporal bone pneumatization. This implies that the development of temporal 
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bone pneumatization is more rapid in adolescent females, with the females first attaining adult size 

before adolescent males in the study population. 

Furthermore, the present study also noted variations in the volume of air cells with age among 

population groups within the study population; Black South Africans (of indigenous African origin 

or Native group), White South Africans (of European ancestry), and Indian South Africans (of 

Asian descent). Although their pediatric volumes were about the same size with a rapid increase 

in volume during childhood development, the volume of temporal bone pneumatization was 

observed to increase significantly with age showing a rapid linear growth up to the young adult 

stage I among the Black South Africans. The significant increase in the volume of pneumatization 

observed from the young child to adult stage I conforms with the increase in the volume of 

paranasal air sinus in the same postnatal developmental stages in a South African population as 

reported by Rennie et al. (2017), with a correlation between pneumatization of mastoid air cells 

and paranasal air sinus been identified by Kim et al. (2010). 

However, among the South African White and Indian population groups, the volume of temporal 

bone pneumatization followed a rapid increase from infant up to young child (3-5 years), followed 

by a slow increase up to the young adult stage I; thereafter, a plateau with no significant difference. 

This could be attributed to the small skull sizes, especially among the Indian South African 

population group, as the skull size influences the pneumatization of the temporal bone (Chatterjee 

et al., 1990; Balzeau et al.,2006; Inal et al., 2015). This augments the early study of Arora et al. 

(1973) among the Northern population of Indians that found the size of the temporal bone air cell 

system to have a value much less than that of the Swedish population, as reported by Diamant 

(1940). Arora et al. (1973) further assumed that this could be due to the smaller-sized cranial bones 

of the Indian sample. Although, there were no significant differences in the volume of temporal 

bone pneumatization within age groups among South African Indian and White population groups, 

a continuous increase in the pneumatization among these two population groups up to young adult 

stage II was observed and conformed with the previous study among the Korean population of 

Asian descent (Lee et al., 2005). 
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6.1.2 Influence of pneumatization on the morphology of sigmoid sinus (SS), jugular bulb 

(JB), and internal carotid artery (ICA) and their morphometric relationship with ear 

regions. 

Anatomical variations in the location and position of SS, JB, and ICA, closely related to the 

temporal bone and ear structures, are routinely encountered in clinical practice (Kawano et al., 

2000; Friedmann et al., 2010). The variants of these vessels also have implications for the 

development of pathologic abnormalities such as encroachment on the structures of the ME or 

eroding into the inner ear and posing dangers in routine clinical practice and ear-related and 

mastoid surgeries (Schatz and Sade, 1990; Kawano et al., 2000, Vachata et al., 2010; Inal et al., 

2015). Among several factors, temporal bone pneumatization has been implicated as one of the 

factors influencing the relative morphology and location of blood vessels in relation to the ear 

regions (Sirikci et al., 2004; Friedmann et al., 2011; Osch et al., 2019). Anatomical variations 

(morphologically and morphometrically) of these vessels were analyzed in the study population, 

and the degrees of temporal bone pneumatization were analyzed by evaluating air cells around the 

SS, according to Han et al. (2007).  

In general, all degrees of pneumatization existed in the study population, with hyper-

pneumatization having the highest incidence (37.9%) and hypo-pneumatization having the lowest 

incidence (15.2%), which is the same as reported by Tan et al. (2018) in the Singapore population. 

No significant difference was observed regarding age, laterality, and population group in the 

degree of pneumatization using this grading system. However, regarding sex, hyper-

pneumatization was observed more in female temporal bones, while hypo-pneumatization was 

observed more in male temporal bones. This implies that males are more susceptible to temporal 

bone fractures, as indicated in the study of Makolane et al. (2019), which reported a male-to-

female ratio of 3:1 in 15.2% incidence of lateral skull base fracture in the South African population. 

The position and location of SS and JB to the EAC, ME, and IAC vary significantly (p<0.05) 

among individuals and between right and left ears, with significant associations (p<0.05, p<0.01) 

between degrees of pneumatization. All measured distances were highest in patients with hyper-

pneumatized temporal bones. This was because distances between SS and JB and the selected ear 

regions were observed to be increased as pneumatization extends across each of the three parallel 

lines anterolaterally applied at angle 45o that were utilized to classify the degree of pneumatization 
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in this study. According to Lima et al. (2013), mastoid surface area and volume follow a linear 

correlation. Hence, as pneumatization increases, the surface area also increases, which denotes the 

increase in distances observed between these vessels and ear regions as pneumatization increases. 

This novel finding could assist otologic surgeons in the positional relationship of these vessels 

with ear regions following a review of temporal bone and internal acoustic meatus CT images. 

In the analysis of SS, JB and ICA variants, the SS and its variant shapes were observed in the 

different degrees of pneumatization. Although Ichijo et al. (1993) and Sirikci et al. (2004) in their 

studies found the half-moon-shaped SS to be the most common type of SS and ascribed it to a 

healthy and well-pneumatized mastoid, the present study identified the saucer-shaped SS to be 

more common in the study population with no significant association with age, sex, population 

group and degree of pneumatization. In contrast, half-moon-shaped SS was found more in patients 

with hypo-pneumatized temporal bone; however, there was no significant association with age, 

sex, population group and degree of pneumatization. The non-significant association between the 

degree of pneumatization and morphological shapes of the SS buttresses the suggestion of using 

the SS as a reference structure in classifying temporal bone pneumatization (Shatz & Sadé, 1990; 

Han et al., 2007). 

For JB and its anatomical variants, high jugular bulb (HJB) was the most common variant in this 

study population. This supports the claims of Friedmann et al. (2011) and Park et al. (2015) that 

HJB is the most common JB variant in a population. The HJB was significantly associated 

(p<0.001) with increasing pneumatization. An increase in the incidence of HJB was observed as 

pneumatization extends the three parallel lines, most significantly where pneumatization extends 

beyond the arbitrary line drawn at the most posterior point of SS (hyper-pneumatization) on the 

right (63.3%) and the left (51.4%). Like HJB, this study also observed a significant association 

between hyper-pneumatization and JB dehiscence. 

The similarity in the significant association observed for HJB and JB dehiscence follows their 

anatomical relationship. According to Gaillard and Bickle (2008), HJB becomes a dehiscent JB 

when the sigmoid plate between high-riding JB and the ME is missing, allowing the JB to bulge 

into the ME cavity. This means that an individual with hyper-pneumatized temporal bone is at risk 

of having a dehiscent JB in the absence of the sigmoid plate, which is one of the common causes 

of pulsatile tinnitus (Erdogan et al., 2017). Although JB abnormalities are rarely encountered 



124 
 

during ear surgeries, a high JB remains a recognized problem that can lead to brisk venous 

hemorrhage if the bulb is inadvertently opened (Fox et al., 2017). Therefore, otologic surgeons 

should watch out for the possibility of a high-riding JB in patients with hyper-pneumatized 

temporal bones in the study population. 

Also, the lower incidence of flat jugular bulb (FJB) compared to HJB observed in the study 

population with no association with age, sex and population groups contradicts the report of 

Vachata et al. (2010), who documented a higher incidence of FJB. However, the current study 

identified a significant association between decreasing pneumatization and the incidence of FJB, 

especially when pneumatization is limited to the first anteromedial line (i.e., hypo-pneumatization 

or nothing near this line). In this case, the mastoid contains more marrow than air cells (diploic) 

or may only contain dense bone, which could inhibit the formation of the bulb (Virapongse et al., 

1985; Hill, 2011).  

The dehiscence of ICA was observed to occur with an incidence of 3.5% from the analyzed scans 

and was significantly associated with hyper-pneumatized (extensively pneumatized) temporal 

bone. In extensive pneumatized temporal bone, pneumatization spreads to the petrous apex, where 

the ICA is seen to exit the carotid canal into the foramen lacerum to enter the skull (Standring, 

2008; Schmalfuss, 2018). This study found that the transition of the bony petrous into air cells in 

an extensive pneumatized could result in dehiscence of the ICA due to the loss of bony elements. 

Notably, in Otolaryngology, most of these vascular variants can result in ear disturbances and 

dysfunction (Low et al., 1995). Although ME disease such as chronic OM is one common cause 

of hearing loss, HJB, for instance, when associated with diverticulum or dehiscence high-riding 

JB, has been reported to result in sensorineural hearing loss, conducting hearing loss, and Meniere-

like syndrome (a disorder of inner ear that can lead to dizzy spell and hearing loss common to the 

left ear) due to compression of the inner ear (Jahsdoerfer et al., 1981; Hannell et al., 1987; Low et 

al., 1995; Hitier et al., 2014; Koo et al., 2018; John Hopkins Medicine, 2022). The high incidence 

of HJB and JB dehiscence reported in this study due to increased pneumatization, which is most 

common (hyper-pneumatization- 37.9%) in the study population, could also contribute to hearing 

impairment in children, teenagers, and adults in the South African population. 
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6.1.3 Classification of temporal bone degree of pneumatization using reference structures 

and landmarks. 

The pneumatization of temporal bone is relevant in various clinical circumstances aside from its 

protective function and implication in the onsite of chronic ear disease. It plays an important role 

in surgical intervention in this region of the skull. These include surgical planning for bone 

conduction implants, active ME implants, and even cochlear implantation when assessing the 

space required for implant placement or predicting access to the ME via trans-mastoid, retro-facial 

approaches (Galal et al., 2021). For instance, when considering implantable hearing devices, such 

as Bone Bridge devices, that require an approach through the mastoid, a certain volume of air cells 

is required for placement within the mastoid. In addition, poorly pneumatized or ‘contracted’ 

temporal bones may be associated with a low-lying tegmen mastoid, a relatively anteriorly placed 

SS, or a prominent JB, making the surgical approach increasingly precarious for otologic surgeons 

(Friedmann et al., 2011; Galal et al., 2021). 

The present study utilized the SS as a reference structure on axial CT taken at the level of the 

(LSCC) to propose a simple, quick, and less burden classification of temporal bone degree of 

pneumatization. The use of SS as a reference conforms with the study of Shatz and Sadé (1990) 

and the suggestion of Han et al. (2007). With the use of a questionnaire, an inter-observer 

assessment was conducted among cohort otologists to compare how they correctly rate the degrees 

of mastoid pneumatization of the temporal bone axial CT images taken at the level of MIJ 

suggested by Han et al. (2007) and LSCC as proposed by the present study using SS as a reference 

structure and the two levels as landmarks. It is worth noting that participants were blinded to the 

fact that axial CT images included in the survey were limited to two levels. Hypo-, moderate-, 

good, and hyper-pneumatization were the terms for them to use in rating the degree of 

pneumatization of the temporal bone CT images.  

More otologists were able to rate correctly axial CT images of temporal bone taken at the level of 

LSCC according to the respective degree of mastoid pneumatization (with participants with the 

highest work experience and professional status contributing more). This was significantly higher 

when compared to the number of otologists who correctly rated corresponding axial CT images of 

temporal bone taken at the level of the MIJ. Also, this survey found that otologists with the lowest 

year of experience and professional status could correctly rate the degree of mastoid 
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pneumatization of all axial CT images taken at the level of LSCC. This, however, reflects the 

simplicity and preciseness of this study's proposed classification system, as less experienced 

doctors could also utilize this system in classifying the degree of pneumatization of temporal bone. 

It also reflects a high correlation between mastoid pneumatization and SS at this level, as Shatz 

and Sadé (1990) reported. Hence, this classification method could be easily utilized when 

reviewing CT images of temporal bone before surgery, as well-pneumatized temporal bones are 

possibly skeletonizing or exposing critical structures such as ICA, facial nerve, and labyrinth. 

Furthermore, the Likert chart used to assess participants’ opinions on using SS as a reference 

structure in evaluating mastoid pneumatization observed a high positivity level of agreement. This, 

however, agrees with Han et al. (2007) on the utilization of the SS as a reference structure since 

evaluating air cells around the SS could interpret the entire pneumatization of the temporal bone 

and conform with the report of Yamakami et al. (2003) and Hindi et al. (2014).  

6.2 Conclusion 

The present study illustrated temporal bone pneumatization in its volumetric size regarding age in 

healthy subjects from 0 to 35 years, the classification of its degree of pneumatization, the incidence 

of related vascular variants, and the influence of pneumatization on these vascular variants in the 

South African population. Following an extensive literature review, it was evident that the current 

study utilized a more accurate method in evaluating temporal bone air cells and generally 

concludes that the pneumatization of a healthy temporal bone is expected to continue a significant 

linear increase up until at least the adult stage I (19-25 years) in the study population. In classifying 

the degree of temporal bone pneumatization, evaluating air cells around the SS on temporal bone 

axial CT images taken at the level of LSCC was observed to be simpler, concise, and less burden 

using hypo-, moderate, good, and hyper-pneumatization as rating terms. Finally, the current study 

also identified incidences of HJB, JB dehiscence, ICA dehiscence, and SS variant shapes in the 

study population and concludes that the degree of pneumatization influences only JB variants and 

ICA dehiscence, as well as the distances of SS and JB to ear regions. 

6.3 Recommendations and future research 

Following the clinical relevance of the technique employed in this study, i.e., CT imaging in its 

finest slices and advanced method, this study recommends its findings to be used in establishing a 

reference range of the expected size of temporal bone pneumatization in infants and children as 
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well as its development postnatally with age in the South African population. This study also 

recommends using the terms hypo, moderate, good, and hyper in classifying the degree of 

pneumatization of temporal bone by evaluating air cells around the SS on temporal bone axial CTs 

using the LSCC as a landmark among otologists. This will assist in the surgical planning of 

temporal bone-related surgeries when reviewing the mastoid pneumatization and vascular variants 

that could result in complications during and after surgical procedures.  

Nevertheless, this study would like to suggest the following future studies: a comparative study 

between the pneumatization of temporal bones of healthy ears and temporal bones with middle-

ear infection (or with any history of middle-ear disease) among infants/children; a study on the 

morphological shape (3D) of temporal bone pneumatization with age (from infants to adulthood); 

surveying the proposed classification system in a new group of clinicians (including radiologists 

and surgeons) who are taught the classification beforehand and correlating with clinical disease 

entities such as cholesteatoma or OM effusion or chronic OM. 

6.4 Limitations of the study 

A few limitations were encountered in this study: 

• The inclusion criteria in this study limited the sample size of CT images, but the final 

sample size used was effective in detecting 80% power. 

• The age group for adult stage II (26-35 years) was slightly too large. Unfortunately, this 

could not be sub-grouped as there is no assigned stage of human growth in literature at the 

time of this study that could allow any possible sub-grouping. 

SUMMARY OF FINDINGS AND CONTRIBUTION TO KNOWLEDGE. 

• During childhood development, the volume of temporal bone air cells increased rapidly in 

infants in the South African population. This makes provision for the lacking information 

regarding pediatric normal temporal bone pneumatization and could serve as a key 

indicator in probing the onset of ME infection in children in South Africa. 

• At adult stage II (26-35 years), pneumatization of the temporal bone terminates as the 

volume of air cells begins to experience a decline. This reflects one of the causes of 

increased head trauma cases common in young adults from 26 years and beyond in the 

study population. 
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• Hyper-pneumatization was observed to be the most common degree of pneumatization in 

the study population and was strongly associated with incidences of HJB, JB dehiscence, 

and ICA dehiscence. These aberrant vasculatures are responsible for hearing dysfunction 

and, eventually, hearing loss with time, which could reflect the increased incidence of 

hearing problems in the study population.  

• A high (31.85%) incidence of HJB was observed in this study population. This should be 

considered by otologic and head and neck surgeons when planning surgeries to avoid 

pitfalls detrimental to the outcome of the surgery. 

• An increase in the degree of pneumatization also increases the distances of SS and JB to 

ear regions. Otologic surgeons should also take note of this when planning related 

surgeries. 

• Classifying the degree of temporal bone pneumatization into hypo, moderate, good, and 

hyper by evaluating air cells around the SS at the level of LSCC on axial CT was found 

suitable and could be standardized among otologic surgeons. 

• Finally, the inter-observer method used to validate this classification system's simplicity, 

conciseness, and accuracy is a novel approach and could serve as a template for further 

studies. 
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APPENDIX D 

Data Collection Sheet 

MORPHOLOGY 

Degree of Pneumatization 

No. Age Sex Race Right  Left  
Hypo Moderate Good Hyper Hypo Moderate Good Hyper 

            
 
  

Vascular Variants 

-Jugular Bulb (JB) 

No. Age Sex Race Right  Left  
FJB HJB JB Dehiscence FJB HJB JB Dehiscence 

          
 
 

-Sigmoid Sinus (SS) 

No. Age Sex Race Right  Left 
SS-W 
(mm) 

SS-D 
(mm) 

Half-moon Protrusive Saucer SS-W 
(mm) 

SS-D 
(mm) 

Half-moon Protrusive Saucer 

              
 
 

-Internal Carotid Artery (ICA) Dehiscence 

No. Age Sex Race Right  Left  
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MORPHOMETRY 

Volume of air cell- 3D-volumetric reconstruction (mm3) 

No. Age Sex Race Right Left  

      
 
 
 

Vasculature (Linear) Measurement (mm) 

No. Age Sex Race Right Left 

SS - EAC SS – ME SS – IAC JB – IAC JB – ME JB – EAC SS - EAC SS – ME SS – IAC JB – IAC JB – ME JB – EAC 
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APPENDIX E 

Questionnaire and Informed Consent 

Section I: Demographic 
Instruction: Please kindly tick in the box provided for each option 

Discipline/Occupation: ( ) Ear, Nose & Throat Surgery   ( ) Radiology 

Years of Professional Experience:  ( ) 1 to 5 years ( ) 6 to 10 years ( ) >11 years 

Professional Status:  ( ) Registrar  ( ) Specialist  

Relative otology burden in your typical work (i.e., in your typical month of, what volume of your work involves otology and/or temporal 
bone review):  ( ) < 20%     ( ) 21 – 50%      ( ) >51%  
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Section III: Self-Opinion 
Instruction: Kindly provide your opinion on the following using the 5 Likert scale provided. 

-From your classifications of images A to H in Section II, what is your level of agreement with the use of sigmoid sinus as a reference 
structure or landmark? 

� Strongly Disagree 

� Disagree 

� Neutral 

� Agree 

� Strongly Agree 
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APPENDIX F 

CONFERENCE ATTENDANCE AND PRESENTATION 

• XXXVIII International Symposium on Morphological Sciences (ISMS) 5 – 8 August 2023 

OKIKIOLUWA STEPHEN ALADEYELU, SAMUEL OLUWASEUN OLOJEDE, SODIQ 

KOLAWOLE LAWAL, WONDER-BOY EUMANE MBATHA, ANDILE LINDOKUHLE SIBIYA, 

CARMEN OLIVIA RENNIE. Influence of pneumatization on morphology of temporal bone-related 

vasculatures and ear regions. 

 

• The 57th South African Society Otolaryngology and Society of Rhinoplasty Surgeon South Africa 

(ENT/SORSSA) Congress, 26 – 31 October 2021. 

OKIKIOLUWA STEPHEN ALADEYELU, WONDER-BOY EUMANE MBATHA, ANDILE 

LINDOKUHLE SIBIYA, CARMEN OLIVIA RENNIE. Inter-observer assessment of temporal bone 

pneumatization: Classifying the degree of pneumatization based on sigmoid sinus using computed 

tomography. 

 

• The 49th Annual Conference of the Anatomical Society of Southern Africa (ASSA/AVSA) 19 – 

21 April 2022. 

 

• The 48th Annual Conference of the Anatomical Society of Southern Africa (ASSA/AVSA) 19 – 

21 April 2021. 
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