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ABSTRACT 

Adalılar, İ., The Relation Between Human Cochlear Duct Length And Head Size 

assessed by MRI and CBCT, Hacettepe University Graduate School of Health 

Sciences Audiology Department of Audiology Master of Science Thesis, Ankara, 

2022. The cochlea differs in length and shape among individuals and this might be due 

to the fact that it is affected by spatial constraints. The head size may restrict the 

cochlea which is located in the temporal bone, and individuals with smaller head sizes 

may have shorter cochlear duct lengths (CDL). On the other hand, normal-hearing 

participants with longer CDLs have an increase in low-frequency sensitivity. 

Therefore, not only the CDL but also auditory outcomes are thought to be significantly 

affected by cochlear structures and the factors affecting CDL may also affect outcomes 

of cochlear implantation. The head in which the cochlea is located and develops 

together, as well as, the body height in the human body are structures that continue to 

grow until certain periods after birth. Despite differences in the developmental process, 

the cochlea, head, and height may have a genetic makeup that is interconnected and 

affect one another. Hence, these growing parts of the body may influence the CDL 

during the development process. The present study was conducted with the aim of 

finding any relations between mentioned structures. It consisted of a study group that 

contained 112 postlingual-deafened adult participants who were cochlear implant 

users. Cone Beam Computed Tomography (CBCT) images of the cochlea and 

Magnetic Resonance (MR) images of the head were performed for each participant in 

the present study group. CDLs were determined via CBCT, head size measures were 

determined by 3D conversion via MRI, and the body height was completed. In terms 

of CDL, head size, and height: females had smaller averages than that males. The 

results of this study showed that CDL had not any significant correlation with head 

size but a weak correlation with height. Similar to the literature, the height and the 

head size showed statistically significant relationships with each other. Only CDL 

which was measured in the cochlea, may not be sufficient to demonstrate the effect of 

head size on the cochlea. Future studies might look at the links between the cochlear 

shape and its surroundings by using micro-CT.  

 
Key Words: Cochlear Duct Length, Cochlear Shape, Head Size, MRI, CBCT. 



 

 

ÖZET                                                    viii 

Adalılar, İ., BT VE MRG ile değerlendirilen insan koklear kanal uzunluğu ve 

kafa boyutu arasındaki ilişki, Hacettepe Üniversitesi Sağlık Bilimleri Enstitüsü 

Odyoloji Programı Yüksek Lisans Tezi, Ankara, 2022. Koklea bireyler arasında 

uzunluk ve şekil olarak farklılık gösterir ve bunun sebebi kokleanın uzamsal 

kısıtlamalardan etkilenmesi olabilir. Kafa boyutu, temporal kemikte bulunan kokleayı 

kısıtlayabilir ve kafa boyutu daha küçük olan bireylerin daha kısa koklear kanal 

uzunluğu (KKU)’na sahip olması olasıdır. Bunun dışında, daha uzun KKU’ya sahip 

normal işiten katılımcılar daha fazla alçak frekans duyarlılığına sahiptir. Bu nedenle, 

sadece KKU’nun değil, işitsel sonuçların da koklear yapılardan önemli ölçüde 

etkilendiği ve KKU’yu etkileyen faktörlerin koklear implantasyon sonuçlarını 

etkileyebileceği düşünülmektedir. Kokleanın bulunduğu ve birlikte geliştiği kafa ve 

vücut boy uzunluğu doğumdan sonra belirli dönemlere kadar büyümeye devam eden 

yapılardır. Gelişim sürecindeki farklılıklara rağmen, koklea, kafa ve vücut boy 

uzunluğu birbiriyle bağlantılı ve birbirini etkileyen genetik yapıya sahip olabilir. Bu 

nedenle, vücudun bu büyüyen kısımları, gelişim sürecinde KKU’yu etkileyebilir. Bu 

araştırma, bahsedilen yapılar arasındaki herhangi bir ilişkiyi bulmak amacıyla 

gerçekleştirilmiştir. Araştırma, koklear implant kullanıcısı olan 112 postlingual işitme 

kayıplı yetişkin katılımcının yer aldığı bir çalışma grubundan oluşmuştur. Çalışma 

grubundaki her katılımcı için kokleanın Koni Işınlı Bilgisayarlı Tomografi (BT) 

görüntüleri ve kafanın Manyetik Rezonans (MR) görüntüleri elde edilmiştir. Koni 

Işınlı BT ile belirlenen KKU, 3 boyutlu dönüştürülen MR görüntüleri ile belirlenen 

kafa boyutu ölçümleri ve vücut boy uzunluğu çalışmaya dahil edildi. KKU, kafa 

büyüklüğü ve boy varyasyonları için kadınların ortalamaları erkeklerden daha kısa 

bulundu. Bu çalışmanın sonuçları, KKU’nun kafa boyutu ile anlamlı bir korelasyona 

sahip olmadığını, ancak boy ile zayıf bir korelasyona sahip olduğunu göstermektedir. 

Literatürde olduğu gibi, vücut boy uzunluğu ve kafa büyüklüğü birbirleri ile 

istatistiksel olarak anlamlı ilişkiler göstermektedir. Kokleadan sadece KKU 

ölçülmüştür ve bu, kafa boyutunun koklea üzerinde etkisini göstermek için yeterli bir 

parametre olmayabilir. Gelecekteki çalışmalarda, mikro-BT aracılığıyla koklear şekil 

ve kokleayı çevreleyen yapılar arasındaki ilişkiler incelenebilir. 

Anahtar Kelimeler: Koklear Kanal Uzunluğu, Koklear şekil, Kafa boyutu, MRG, BT. 
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1. INTRODUCTION 

The human cochlea is embedded within the temporal bone’s petrous section 

and it reaches adult size at 17-20 weeks of gestation (1,2). The cochlea is functional at 

birth (1,2). The scala media's length from the round window's middle to the 

helicotrema in the cochlea is known as the cochlear duct length (CDL) (3). Human 

cochlear anatomy and cochlear length have been studied for several years to 

investigate interindividual differences in CDL and to determine the presence of any 

crucial variables that may significantly affect the CDL. Indeed, CDL and cochlear 

shape are known to vary considerably between individuals (4–7). The cochlear apical 

part completes maturation later than the basal part during the early postnatal period 

(8). A study conducted by Avci et al. (9) reveals 3 types of cochleae, considering the 

scala tympani's vertical orbit. On the other hand, the number of turns of the cochlear 

helix, the cochlear base length, and the cochlear width varies between individuals as 

well (4). For millennia, the relations between form and function continue to be a hot 

topic of discussion (10).  

Auditory outcomes are thought to be significantly affected by cochlear 

structures (11). Recent evidence comes from the study by Ekdale et al. (12) showing 

an increase in low-frequency sensitivity for normal hearing individuals with longer 

CDLs at the apical part. Such findings may have implications for cochlear implant (CI) 

electrode selection in hearing-impaired people as well. The electrode arrays of the CIs 

are not designed to reach the most apical areas of the cochlea, which correlate to low 

frequencies. Since individual variations are greater at the apical part of the cochlea, CI 

seeks to send frequency information at a few hundred Hertz (13). Based on the 

knowledge of tonotopic mapping in a normal hearing cochlea, the inability of the most 

apical electrodes in the electrode array to physically reach the apical regions of the 

cochlea is believed to result in a frequency-place mismatch. Interindividual CDL 

differences may further affect the amount of this mismatch and may partly explain 

interindividual performance differences in CI (14). 

The spiral shape of the mammalian inner ear is thought to be caused by a 

variety of factors such as its surrounded structures and capacity to detect low-

frequency sounds (4,15). A recent study by Pietsch et al. (4) suggests that the cochlea 

has a narrower basal width because of space restrictions around the cochlea, especially 
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when the facial nerve is in close vicinity to the modiolar axis. The jugular vein, internal 

carotid A., tensor tympani muscle, and facial nerves surround the cochlea.  

During the maturational process, spatial restrictions around the cochlea may 

significantly impact its shape (4), thus it is reasonable to suggest that the CDL might 

be significantly related to head size. Subjects with small head sizes may have smaller 

cochleas i.e., shorter CDLs (9). Gender differences in CDLs and head size may support 

this notion, with females having shorter CDLs and lower head sizes than males (16).  

Such gender differences may partly stem from the effects of spatial constraints 

surrounding the cochlea. On the other hand, head size is known to be linked to a height 

which is another growing part of the human body (17,18). Thus, height might be 

another measure having significant associations with CDL. 

Unlike the cochlea, the skull continues to grow in different stages and forms 

after birth (9,19).  Similarly, height continues to increase until about the age of 20, 

with gender differences (20). Certainly, many factors such as nutrition significantly 

affect these growing parts of the body, however, the main factor is well known to be 

the genetic makeup of an individual. Despite differences in developmental stages, 

cochlea, head, and height may share interrelated genetic makeup and show significant 

similarities in size (21).  

To the best of our knowledge, the present study is the first attempt to 

investigate the relations between CDL with the two growing parts of the body: head 

size and height. For this purpose, human CDLs and head size assessed Cone Beam 

Computed Tomography (CBCT) and Magnetic Resonance Imaging (MRI), 

respectively. Here, instead of the traditional head circumference method, a 3D 

conversion of MRI is used to measure the linear lengths between certain reference 

points on the head and in the skull. MRI might be another reliable tool to measure the 

head size, due to the ability to flexibly zoom and feasibility (22). 

The study is believed to provide insights into understanding anatomic and 

physiological variances in human cochlea, head size, and height. The study hypotheses 

are given below. 
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Hypothesis 1  

H0: There are no statistically significant positive correlations between CDL and 

the head size of individuals. 

H1: There are statistically significant positive correlations between CDL and the 

head size of individuals. 

Hypothesis 2 

H0: There are no statistically significant positive correlations between CDL and 

the height of individuals. 

H1: There are statistically significant positive correlations between CDL and the 

height of individuals. 
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2. GENERAL INFORMATION 

2.1. Introduction to the Auditory System 

The outer (external) ear, middle ear, and inner ear are the three sections of the 

auditory system. Sounds enter through the external ear, pass through the middle ear, 

and finally reach the inner ear, as well as the periphery and central auditory system 

routes. 

2.1.1. External and Middle Ear Anatomy 

The external ear is one of the defining features of the head. It mainly consists 

of the helix, lobule, triangular fossa, external auditory canal, tympanic membrane, and 

eustachian tube. The middle ear starts with the tympanic membrane and consists of the 

incus, malleus, stapes which are the human body's smallest bones, and the Eustachian 

tube which unites the middle ear cavity to the pharynx.  

The external auditory canal is a 3 cm S-shaped tunnel with a 0.6 cm average 

diameter. The ear canal's external third is cartilaginous, conversely, the canal's inner 

two-thirds are osseous., with the temporal bone tympanic part forming the canal's wall 

(1). The middle ear is a hollow, air-filled area within the temporal bone, and the size 

of the middle-ear cavities varies considerably from person to person (23).  The oval 

and round windows in the middle ear's medial wall, which are part of the temporal 

bone, facilitate the connection between the outer and the inner ear. Other elements in 

the two middle ear muscles' tendons and a branch of the facial nerve that enters the 

cavity of the middle ear are among the other structures in the middle ear (23). 

2.1.2. Temporal Bone 

The temporal bone houses the cochlea, as well as the outer and the middle 

ear, vestibular system, and seventh and eighth cranial nerves (see figure 2.1.). The 

inner ear is set in the temporal bone's petrous section (1). The temporal bone is a hard, 

rigid bone that houses a labyrinth of chambers and canals within the skull and serves 

the hearing and balancing end organs; consequently, the name "labyrinth" is used to 

specify the bone structure (24). The temporal bone's four main segments are the 

mastoid (posterior to the pinna), squamous (superior to the ear canal), tympanic (ear 
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canal), and petrous (deep in the skull containing the inner ear). The petrous segment 

houses the middle ear structures, cochlea, vestibular components, and internal auditory 

meatus (IAM). The facial, auditory, and vestibular nerves are all located in the IAM 

(24). The temporal bone's petrous portion preserves the majority of the hearing 

mechanisms (1). The IAM opens between the base and the tip of the petrous bone. 

When facing the IAM's entrance, the facial nerve is at the upper left section, the 

auditory nerve is directly inferior to the facial nerve, and the vestibular nerves run 

parallel to the facial and auditory nerves (1). 

 

 

Figure 2.1. The temporal bone’s lateral view and the position in the skull. The temporal bone is a hard, 
rigid bone that includes a labyrinth of chambers and canals within the skull. Squamous, petrous, 
mastoid, and tympanic are the four parts. The image has been received from the website: 
https://healthjade.net/temporal-bone/. 

2.1.3. Inner Ear 

The inner ear is a part of the ear that contains the cochlea and vestibular end 

organs which are composed of bony walls and form fluid canals that connect with the 

neural structures. 

The cochlea 

The cochlea in the head has an anterior and lateral apex that points toward the 

cheekbone. The cochlea is 30-35 mm long and measures around 0.5 cm in height in 

humans (23), however it can change among individuals (6,9,25–27). 

The cochlea has channels with fluid in them: the scala vestibuli; the scala 

tympani; and the scala media (cochlear duct). The bony cochlea contains two windows, 
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the oval window which goes into scala vestibuli, and the round window which goes 

into scala tympani, that interact with the middle ear. The scala media separates the 

scala tympani and vestibuli, while the two outer scales interact at the apex via a tiny 

aperture known as the helicotrema (24). 

The cochlear modiolus, which is surrounded by spiral ganglions (cell bodies 

of afferent neurons) and is perforated by branching chambers, covers the cochlea's 1.6–

2.0 turns (1). It varies between individuals depending on the variability of the cochlear 

size (9). The membranous duct contains the sensory epithelium of the auditory system. 

The cochlea's apical end is narrower than the cochlea's base (24).  

The sensory cells (hair cells) of the organ of Corti (OC) transform the 

vibrations of the basilar membrane into a neural code, which runs parallel to the basilar 

membrane and classifies sounds depending on their frequency (23). While the complex 

structure of the cochlea has been well-known for a long time, the relationship between 

its anatomy and function has remained a mystery. 

Organ of Corti 

The OC which is called the hearing organ (28). OC has sensory cells that 

consist of the inner hair cells (IHCs) and the outer hair cells (OHCs), reticular lamina, 

tectorial membrane, Deiter, Hensen, and Claudian cells, and habenula perforate. In 

humans, a single line of around 3,500 IHCs spans the cochlea and forms a flattened 

"U" shape with three to five lines of around 12,000 OHCs in a "W" form that also 

cover the cochlea (28). Cross-links on the sides of the cilia help the cilia move in 

synchrony when they are triggered (7). When the OHCs cilia move, a stream flows 

between the reticular lamina and the tectorial membrane, causing the IHCs cilia to 

move in the same direction as the OHCs cilia (24). External to the stria vascularis in 

the bone of the cochlear wall, followed by the spiral ligament, which sits against the 

bone of the cochlear wall (4).  

Sound is converted in the auditory nerve into a nerve impulse’s codes by hair 

cells in the cochlea, which sends information about the voice that reaches the ear 

within the hearing range to the brain. Furthermore, the cochlea distinguishes sounds 

based on their spectrum, thus different frequencies activate distinct populations of 

outer hair cells (19). The moves of the basilar membrane are converted into a neural 
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code by inner hair cells in the auditory nerve's fibers. The mature human AN is 22 to 

26 mm long and contains around 30,000 fibers (24). Because men's skulls are larger 

than women's, it is slightly longer in men than in women (24).  

Vestibular End Organs 

The vestibular labyrinth includes three semicircular canals, each with slightly 

different diameter: the lateral canal measures roughly 2.3 mm, the posterior canal 

measures 3.1 mm, and the anterior canal measures 3.2 mm; the otolith organs: 

sacculus, and utriculus which contain sensory epithelium in semicircular canals; 

vestibular nucleus; vestibulocerebellum; as well as the vestibular nerve (1).  A 

common bone capsule encloses the utriculus and sacculus, the vestibulum, whereas 

each semicircular canal is wrapped in its bony shell (1). The alignment of all canals 

varies from person to person. The canals' inner diameter is between 0.2 and 0.3 mm 

(29). The bones of the semicircular canals are positioned at 45° (see figure 2.2.) to the 

planes of the body (coronal, transverse, and sagittal) (1). 

The vestibular system maintains visual acuity while moving the head, 

improves balance control, and recognizes self-motion and gravity orientation (30).  

Figure 2.2. The petrous part of the temporal bone from above. The apex of the cochlea is directed 
anteriorly and laterally. The bone semicircular canals are oriented at 45° to the planes of the body 
(coronal, transverse, and sagittal). The image has been adapted from Schuenke et al. (1). 
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2.1.4. Ear: Blood Supply 

The vessels are connected by anastomoses and reach the middle ear. All of 

the vessels that serve blood to the tympanic cavity emerge from the external Carotid 

A. (1). The vestibular-cochlear A., which supplies the cochlea, is formed when the 

labyrinthine A. branches farther into the IAM (23). It starts in the anterior inferior 

cerebellar A. and runs via the IAM, where it branches off into the anterior vestibular 

A., which supplies the vestibular apparatus. The distance from the horizontal segment 

of the internal Carotid A., which approaches the cochlea (see figure 2.3.), to the 

cochlea’s basal turn averaged 2.83 mm, with a range from 1.14 to 5.52 mm (31).  

 

 
Figure 2.3. A histologic slice of the temporal bone at the tensor tympani muscle's level (curved arrow) 
depicts the petrous carotid's link of the cochlea (double-headed arrow) and the internal auditory canal 
(short black arrow). The image has been received from Leonetti et al. (31). 

2.1.5. Auditory Neuroanatomy 

The ectoderm, which separates into the neural lamina in the third week of 

pregnancy, arises in the whole nervous system. The neuron-to-neuron synaptic 

connection is one of the most characteristic parts of the nervous system since it is based 

on the structure of neurons, where dendrites receive information and axons transmit it 

outside (32). The encephalon, medulla spinalis, and cranial nerves are known as the 

central nervous system (CNS) (24). The AN connects the cochlea to the brainstem. 
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The AN axon starts in the spiral ligament and primary afferents of the spiral ganglion 

that links to the OHCs pass through the Corti tunnel before continuing to the habenula 

perforata, where they meet up with the fibers from the IHCs (23). The habenula 

perforata is a bony spiral lamina structure with tiny openings through the primary 

afferents. The AN's ganglion cells merge in Rosenthal's canal, which is a larger area. 

(24). The AN travels to the brainstem via a tiny channel in the IAM. Through their 

axons, the bipolar neurons send impulses to the cochlear nucleus anterior and posterior, 

which are combined to create the cochlear nucleus (1). The auditory pathway's second 

neuron receives inputs from these nuclei. Second-order neurons go to the superior 

olivary nucleus on the other side of the brainstem, where all of the fibers synapses 

while a few second-order fibers are on the same side (33). The auditory route ascends 

from the superior olivary nucleus via the lateral lemniscus (34). The nucleus of the 

lateral lemniscus synapses some of the fibers, but many others bypass it and enter the 

inferior colliculus, where nearly all of the auditory fibers make a synapse. The route 

then continues to the medial geniculate nucleus (35). Finally, it follows to the auditory 

region of the cortex called the primary auditory cortex [Heschl gyrus or Brodmann 

area (BA) 41-42] (36). 

Neuronal networks continue to grow across the brain, becoming more 

particular as new information is received. The primary auditory cortex (BA 41-42), 

secondary auditory cortex (BA 41-42), and auditory association cortex (BA 22) are 

positioned in the temporal lobe among the prefrontal cortex (37). Instead of responding 

to a wide range of frequencies, most of the sound-responsive neurons react to a narrow 

range of frequencies by the time the excitation reaches the cerebral cortex (36). Low-

frequency tones are often found anteriorly, while high-frequency tones are found 

posteriorly (38).  

2.2. Maturation 

According to observations of the human fetus and neonatal ear, the peripheral 

auditory system is anatomically and functionally mature-like at birth: no substantial 

growth or change in shape is observed after birth (39). Infants are active listeners, 

having a robust inner ear and brainstem pathway but a comparatively immature cortex. 
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They are especially prone to listening to human speech sounds (40). The auditory 

cortex continues to develop many years after birth. 

2.2.1. The Auditory System’s Embryonic Development 

The structure of the human ear canal continues to develop until the age of 

seven; in newborns, the canal is shorter and straighter than in grownups (41).  The ear 

canal length increases in the first 24 months of life (42). The pinna grows even in elder 

individuals. The Eustachian tube shape is normally fully defined at birth, on the other 

hand, it is more horizontal at birth and in early childhood than it is in maturity (43,44) 

and it is shorter (21 mm) in a normal 3-month-old than it is in a normal adult (37 mm) 

(45).  

The cochlea, like other peripheral auditory structures, grows rapidly during 

pregnancy. Surprisingly, the cochlea has grown quite well by the beginning of the third 

semester, but it is not complete (24). During 4 weeks of development, one of the 

earliest sensory placodes to arise is the otic placodes, and they help to shape the inner 

ear structures that control hearing and balance (46). The OC arises as a separate entity 

between embryonic days (E)11–13, between E13 and maturity, having a narrow and 

L-shaped cochlear duct that straightens from base to apex before coiling to 1.75 turns. 

At the same time, cochlear ganglion differentiation begins at the cochlear base in E11–

13 and progresses to the apex in E16 (47,48). The establishment of the coiling and 

elongation of the cochlear duct, as well as the cochlear ganglion, are closely linked in 

late development (E13 to maturity). These mechanisms also cause the embryonic 

mesenchyme to differentiate, which assists in the creation of the surrounding 

osteological structures (49). Between 17 and 19 weeks of gestation (WG), other 

indications of labyrinth size, for example, the canal and cochlea radius have ceased 

developing and are became the same size and form as adults. Bone ossification of the 

surrounding cartilage circles the whole membrane labyrinth during the following two 

weeks (50).  

Both ontogenetically and phylogenetically, the vestibular system is older than 

the auditory system (40). Around 10 WG, the inner ear's morphological development 

is complete, with structures such as the endolymphatic duct and SSC (in chronological 

order, anterior, posterior, horizontal) fully established. Between 16 and 23 WG, the 
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capsular cartilage enclosing the membrane labyrinth ossifies, forming the actual bony 

labyrinth (51). The apical part of the cochlea is where maturational changes are most 

noticeable (52). Like a shred of interesting evidence, robust high-frequency 

otoacoustic emission responses among newborns have been found while low-

frequency responses continue to develop during the early postnatal period and do not 

appear to be fully developed (i.e., reaching adult-like values) until the age of 6 to 8 

years (8).  

Synaptogenesis (synapse development) on the outer and inner hair cells is 

mostly predetermined before birth. After birth, the auditory nerve's synaptic 

connections should continue to improve (24). The myelination of the auditory nerve, 

on the other hand, appears to mature throughout the first few months of life. This is 

based on the discovery of small differences in auditory brainstem response (ABR) 

latencies for waves I and II in newborns before the age of five months. (53,54).  

Maturational changes in the brainstem start with an increase in the size of the 

pons and midbrain (24). Midbrain development appears to have reached adult levels 

by the age of six (55). A general increase in the size of the cerebrum occurs after birth; 

however, complete maturation is frequently not achieved until the age of 20 (24).  The 

cranial vault grows dramatically in size after birth, paralleling the growth of the 

cerebrum itself, but it virtually ceases expanding after the first decade of life (56). 

Changes in the thickness, density, and total volume of white matter tracts and cortical 

grey matter of the brain remain far beyond adolescence (57). The quantity of gray 

matter in the frontal and parietal lobes reaches a maximum in the frontal and parietal 

lobes between the ages of 10 and 12. The volumetric peak of gray matter in the 

temporal lobe does not occur until about the age of 17 (58).  

2.2.2. The Temporal Bone’s Embryonic Development 

The complicated development and sequence of ossification processes that 

occur during temporal bone growth (59). Understanding these processes is especially 

important for understanding how the inner ear, which is a part of the temporal bone, 

develops. The occipital, parietal, sphenoid, mandible and zygomatic bones articulate 

with it (60,61). Around 3 WG, the petrous section of the temporal bone begins to 

produce a membranous labyrinth, which forms the inner ear. In the eighth week of 
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pregnancy, the squamous component ossifies (60). After all, four ossification centers 

have united to form a new entity, fast development occurs, and by 16 WG, the bony 

tympanic ring is nearly entirely grown. The tympanic ring is horizontal at birth, as 

opposed to angling off the horizontal plane by roughly 55 degrees in adulthood 

(61,62). Fast ossification of the petrous portion occurs in 20 WG and adult structure 

of the inner ear in 25 WG (61). As a result, the inner ear does not remodel and is meant 

to be preserved throughout life, making temporal ossification distinct (60).  

In contrast to early-forming components, the squamous, mastoid, and 

tympanic parts continue to alter their shape and size after birth (63). The mastoid 

region of the body continues to develop and achieves adult size between the ages of 5 

and 10 (61). The styloid process can be developed in a variety of ways. Many 

ossification centers form at the age of 3–4 years, with the union of various sections 

occurring during puberty or adolescence (59).  

2.3. Growing parts of the body: Head and Height 

Children and infants are not miniature humans. In a variety of aspects, their 

body differs from that of an adult. The brain is usually 25% of its mature size at birth. 

(64). Changes in body weight follow age-related patterns as well. (65,66). 

A newborn’s entire height is 50.8 cm on average. During the first year, this 

height grows by around 25.4 cm. By the fourth year, total height has quadrupled, and 

by the thirteenth year, it has tripled (20). Growth happens in all three dimensions 

throughout the postnatal development of the cranium. As the skeleton matures, it 

expands to the transverse (width), sagittal (anteroposterior depth), and vertical 

(height), causing a significant difference in the size, form, and proportions of the skull 

(67). The head is one-fourth of the height at birth, but one-seventh in adulthood (see 

figure 2.4.). The child’s head is thus proportionately bigger than that of an adult (68). 

The extremities develop faster than the head from the second period of the first year 

till adolescence (69).  
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Figure 2.4. The percentage of body segments distribution with prenatal and postnatal developments. 
The image has been received from Huelke (69). 

With a 1:8 face-to-cranium ratio at birth, the face of the skull is smaller than 

the cranium (compare to the adult ratio of 1:2.5) (69). Because the frontal lobe size of 

the brain is vast, a newborn’s forehead bugles noticeable frontal and parietal 

prominences concerning the facial profile. The shape of an infant's head is very 

different from that of an adult. The average circumference of the head at birth is 33.02-

35.56 cm. It goes up by 17% in the first three months and 25% at six months. The head 

circumference only rises by 10.16 cm from the end of the first year to the end of the 

twentieth (see figure 2.5.) 

 
Figure 2.5. Changes in size and form of the skull profiles. The image has been received from Morris 
(70). 
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Due to the continuous and fast expansion of the brain as a whole, head 

circumference grows significantly throughout the first postnatal year. At the age of 7, 

genetic variables account for more than 70% of the genetic diversity, and at the age of 

15, they account for more than 60%. This shows that the eventual head circumference 

may be predicted genetically from the early stage of life (21). Parts of the brain are 

exposed to the outer environment and protected by a thin fibrous sheath due to the 

extensive bone connections. Sutures that fill the spaces between the bones of a baby's 

skull are more flexible in neonates. These sutures allow the baby's brain to grow in 

parallel with the skull. About 6-8 weeks after birth, the mastoid suture between the 

occipital and parietal bones closes. According to several kinds of research, the metopic 

suture that connects the frontal and parietal bones unite before the life’s second 

(71,72), others claim that the metopic suture starts to unite around the age of two (73).  

The proportionality of human development is well-known (10): bigger 

newborns in terms of height and weight have bigger heads. Furthermore, there are a 

variety of variables that influence head circumference and height. For example, 

newborns' height and head circumferences are affected by the mother's height and 

weight (10,74). Moreover, head circumference is related to gestational age and birth 

weight (75). The height and head circumference of individuals are assessed in the 

research including 258 males and 182 females aged 17 to 25 years. The relationship 

between height and head circumference is statistically significant (r = 0.443 for males, 

r = 0.302 for both genders) (17). 

2.4. Head Size  

There are three types of head structures after defined head length and head 

height: the chamaecranic (low-skulls), orthocranic (medium-high skulls), and 

hypsicranic (high skulls) (76). Head length defines as the linear length of the glabella 

to the ophistocranion points and head height defines as the linear length of the vertex 

to the pretragus (77). The height-length index is less well-known than the cephalic 

index, although it has equal anthropological significance. It is a measurement of the 

height of the skull concerning the length of the skull (78). Individual variance within 

populations is frequently larger than in the cephalic index, but the environment has a 

far less impact on the height-length index. As a result, processes like (de-) 
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brachycephalization have little effect on the height-length index. The mean height-

length index in the world is roughly 74. There are the high-skulled and low-skulled 

tribes on every continent. A flat occipital area is common in the high-skulled groups, 

whereas a bulged occipital area is common in the low-skulled profiles. The 

chamaecranic skulls are distinguished by a skull height of less than 70% of the total 

length (79). The chamaecranics are common among early humans, including the 

Neanderthals. True chamaecrany is rare today, yet it may be found on all continents. 

The orthocranic skulls are distinguished by a skull height that is greater than 70% but 

less than 75% of the skull length (79). The orthocracy is now found throughout the 

world, particularly in the western half of Europe and considerable sections of South 

and Central Asia. Skull height reaches at least 75% of the skull length in the 

hypsicranic skulls. The hypsicrany is now common throughout the South East, 

Anatolia, America, and middle Europe (78). 

Farkas et al. (80) revealed that the developmental level of head length and 

circumference increased by 5 years, indicating that they were close to maturity. 

Females achieved full maturity at 10 years old (182.7 mm), while males reached full 

maturity at 14 years old (189.2 mm). Both genders were approached to the adult head 

height (113.3 mm in males and 109.8 mm in females) at age of 13 which defined head 

height differently as the linear length of the vertex to nasion points.  

2.4.1. Head Size Measurement History 

Aside from height and weight, there are a few more factors to consider, 

pediatric patients' head circumference (occipitofrontal circumference) is a routine 

measurement in the study of childrens’ skull growth and brain development, 

particularly in the first two years of life. It's a quick, easy, and cost-effective screening 

tape approach that doesn't expose you to radiation (81). Even if head size studies are 

usually conducted in infants or adolescents, some head circumference charts are also 

created for adults (82–84). 

Head size measurement is important primarily for differential diagnosis (85) 

as well as for anthropological study (86) The growth of the base of the skull is reflected 

in the circumference of the head (87). Postmortem studies and CT scans of newborns 

(88) have shown a substantial positive association between intracranial volume (ICV) 
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and head circumference, which is consistent with MRI studies of older children (89). 

For instance, Hshieh et al. (18) investigated 99 older adults (mean = 75.9 ± 4.3 years) 

who underwent MRI. Statistical Parametric Mapping software and functional MRI 

were used to assess ICV in three dimensions. The circumferences of the heads were 

measured with a standardized tape measure (mean = 562.8 ± 21 mm). The 

measurement was taken outwards from just above the brows to the occipital 

protuberance. The Software calculates head circumference and ICV are found highly 

correlated (r=0.73) and by functional MRI found moderately correlated (r=0.69). They 

found a statistically significant correlation between head circumference and individual 

height (r=0.46). 

3D databases can be collected semi-automatically using CT (90,91) or MRI 

segmentation, or, utilizing 3D imaging in conjunction with standard head size 

measurement methods (92,93). For instance, 3D vector analysis is applied to 

craniofacial CT data, generating 3D cranial surface point clouds. Landmark selection 

can be done by automatically selecting certain landmarks (such as the nasion, vertex, 

and eurion) and can be manually defined. Linear distances between landmarks 

determined in the image generated by the graphic viewer can be measured. With this 

method, Marcus et al. (94) found that vertex to opisthocranion measurement was 

128.94 ± 0.57 mm in the pediatric population (1-60 postnatal week) and nasion to right 

eurion measurement was 95.97 ± 0.49 mm. 

In another study, which measured head by 3D method, a unique photo-optical 

scanner was used to capture the complete skull of each newborn in a circular pattern 

in the 6 to 12 months subjects, and the midpoint of the coordinate system is determined 

as the point where the tragus connecting line intersects. Marcotty et al. (67) selected 

some reference points such as tragion point, nasion point, occipital point, and 

measured growth-related parameters: maximum circumference, width, length, and 

height. For instance, the vertex to the midline of the head was measured as 109.94 ± 

0.41 mm.  
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2.4.2. Head Size Measurement and MRI 

Head size visual analysis generally depends on impressions, such as the 

craniofacial ratio, due to the ability to flexibly zoom an MRI. Repeated clinical tape 

measurements are unfeasible in clinical practice, highlighting the necessity for an 

MRI-based approach to determining detailed head size (22). 

Rau et al. (22) investigated 85 children (mean age 3.18 ± 2.45 years) to verify 

an MRI-based method for measuring head circumference. Identify the supraorbital 

bulge for MRI-based head circumference measurement, then adjust the axial plane in 

the 3D reformation until the maximum supra-auricular head circumference is attained. 

The occipital protuberance was used as a reference point. In axial reformat, an ovoid 

region of interest (ROI) is produced by recognizing the lateral expansion, afterward 

the anteroposterior expansion on T1-weighted MRI. They found the sensitivity of the 

MRI-based assessment was 0.97 and accuracy 0.94 when compared with tape 

measurement and they consider that MRI-based measurement is reliable.  

Differently, Vanucci et al. (95) obtained craniometric measures using MRI in 

118 individuals, ages ranging from 1 week to 18.7 years to respond to a series of 

questions on the modern brain's development and its link to people from the recent and 

distant past. They measured the linear length of the frontal pole to the occipital, vertex 

to inferior cerebellar margin, etc. using an electronic ruler digital caliper.  Mean frontal 

pole to occipital measurement was found as 154 mm on the mid-sagittal level and they 

suggested that the head size was bigger than past 40 years ago. 

Calderon et al. (96) carried out a study with 49 pediatric participants, between 

the ages of 5 months and 11 years and MRI phantoms were created using 3D-printed 

components. Phantom images and head circumference values from 3D objects were 

obtained analytical then standard head circumference measurements were compared 

to values acquired from the patients' MRI T1-weighted images. There is no statistically 

significant difference between the manual and automated assessments (p = 0.357). The 

more error-prone manual head size measurement is supplemented by this automatic 

application in this study. 

 

 

 



 

 

18 

2.5. CDL 

For years, researchers have studied to assess the length and shape of the 

human cochlea if there are any changes between individuals and if there are any key 

characteristics that might help predict a patient's specific CDL (97). 

There are significant differences in CDL amongst people (6,9,25,26,98–100). 

The creation of a preoperative process for estimating the CDL and selecting the proper 

electrode size is necessary with the introduction of variable length electrodes 

(101,102). Electroacoustic stimulation, for example, necessitates a lower insertional 

force during implantation to protect the residual hearing in patients. Because 

insertional damage is reduced, more hair cells are left alive, resulting in higher 

postoperative success. (103,104). With a greater understanding of the size of the 

cochlea and intra-cochlear compartments of the patients, insertional trauma can be 

reduced (97,105). When measuring the CDL, different imaging technics are used 

currently. High-resolution multi-detector computed tomography (HRCT) and CBCT 

are the most common imaging technic (7,106). Ultra-high-resolution multi-detector 

computed tomography (U-HRCT) is a new kind of computed tomography (14) and 

microcomputed tomography (micro-CT) (9) and synchrotron radiation phase-contrast 

imaging (SR-PCI) create ultra-high-resolution images with the highest detail (107). 

However, micro-CT and SR-PCI technics can only evaluate cadaveric temporal bone 

specimens (108). 

2.5.1. CDL Measurement Methods 

Hensen (25) measured CDL 33.5 mm in one ear and 31.0 mm in the other 

using the direct technique in 1865. The length of the OC is measured by Ulehlova et 

al. (98) and Wright et al. (109). Both of these direct investigations examine histologic 

sections to quantify the cochlea's length at the pillar cell union, which is the current 

standard point for estimating the OC (98,110).  

In 1921, Guild (110) set out to develop a consistent procedure for assessing 

cochlear anatomy using the indirect method. She proposed utilizing histologic cochlea 

sections 2D graphical reconstructions to determine the estimated lengths of all areas 

of the OC when sliced in serial portions. On the sections, relevant landmarks were 

identified and their positions were projected into a 2D plane. In 1953, Schuknecht built 
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on this idea, aiming to explain the cochlea's three-dimensional shape (111). Hardy (25) 

was the first to measure the length of the OC using this indirect approach of graphical 

reconstruction. With an average length of 31.52 mm, it was identical to previous work 

done utilizing the direct technique. As an indirect method, consistent pictures were 

obtained from above the plastic-cast cochleae, and the images were utilized to create 

a 2D reconstruction (6).  

Takagi and Sando (112) calculated the length of the cochlea by using 

computer tools to recreate the 3D structure using coordinates based on histologic 

sections. The sample cutting angle had a considerable influence on the CDL using the 

indirect method as compared to the 3D reconstruction methodology (97). The cutting 

angle effect occurs when the appropriate plane for 2D graphical reconstruction is not 

used, resulting in a misrepresentation of cochlear dimensions. At the OC, lateral wall 

(LW), inner wall, and Rosenthal's canal, the final average measurements were 35.58 

mm, 40.81 mm, 18.29 mm, and 15.98 mm, respectively. Würfel et al. (27) evaluated 

cochlear length by employing 3D planar reconstruction and CBCT images. The CDL 

could only be measured at the LW since the OC could not be seen due to the low 

resolution of clinical computed tomography (CT) equipment.  

Escude et al. (7) establish a technique for calculating approximated lengths 

of unique cochlea turns that only requires one spiral coefficient. Based on a single 

surgical measurement, scientists were able to predict where the electrode will be 

implanted. The 'A' number is the greatest distance between the round window and the 

opposite LW of the cochlea. Alexiades et al. (5) found the relationship at the OC level, 

between the A value and the CDL. In a more detailed approach, a 3D reconstruction 

of the cochlear spiral has been performed on corrosion casts of 108 human cochleae 

recently, providing a geometric analytical 3D model of the cochlea (4,113). 

2.5.2. Cochlear Dimensions  

The overall volume of the cochlea is one of the macroscopic properties of the 

cochlea that is hypothesized to be connected to hearing physiology in animals 

(114,115), basilar membrane width and length (116), along with the cochlear spiral's 

number of turns (117), as well as a spiral with a graduated curvature (15) and tightness 

of coiling (12). For millennia, the form-to-function relationship has been an important 

question in biology (10). A decrease in thresholds for low and high-frequency 
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sensitivity has been proposed to relate to the physiology of hearing in apes’, with an 

increase in cochlear cavity capacity relative to body mass (118). As a result, the 

cochlea of primates is bigger concerning their body mass than that of their close 

relatives, such as rodents (114). Basilar membranes in mammals that are susceptible 

to high-frequency sound waves are the thickest and stiffest (119,120). The distance 

between the primer and secondary bony spiral lamina (the so-called 'basilar gap' of 

Fleischer) (121) and the 'laminar gap' of Geisler and Luo (122) can be used to measure 

the width of the basilar membrane is related to the membrane's rigidity.  

Perhaps the most evident difference in cochlear anatomy between species is 

the number of revolutions the spiral completes (see figure 2.6.). In a few Mesozoic 

species, the cochlea coils from around a single turn to over four turns in caviomorph 

rodents like guinea pigs in therian mammals (123).                  
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Figure 2.6. Right cochlear line drawings for a variety of animals. (A) Platypus (Ornithorhynchus 
anatinus); (B) opossum (Didelphis virginiana); (C) Mesozoic eutherian (Kulbeckia kulbecke); (D) 
elephant shrew (Macroscelides proboscideus); (E) pig (Sus scrofa); (F) humpback whale (Megaptera 
novaeangliae); (G) bottlenose dolphin (Tursiops truncatus); (H) horse (Equus caballus); (I) cat (Felis 
catus); (J) greater horseshoe bat (Rhinolophus ferrumequinum); (K) flying fox (Pteropus lylei); (L) 
cottontail rabbit (Sylvilagus floridanus); (M) house mouse (Mus musculus); (N) guinea pig (Cavia 
porcellus); (O) tree shrew (Tupaia glis); (P) human (Homo sapiens). The image has been received from 
Ekdale et. al. (12). 

The range of audible frequencies is correlated with the cochlea's total number 

of turns especially when that figure is multiplied by the cochlear canal's absolute length 

(15,117). The region of low-frequency sensitivity would be expanded if the cochlear 

length increased (12). 

Another form of function relationship that has been proposed is the distance 

between successive cochlear turns. After analyzing the cochleae of extinct and present 

whales, Fleischer (121) found that in toothed whales sensitive to high frequencies, the 

space between the cochlea’s first and second turns was substantially bigger than in 
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baleen whales. Cochlear morphological differences that go beyond the number of turns 

are likely to affect the function of the inner ear's auditory organs (12). 

2.5.3. Effects of Cochlear Dimensions 

Auditory outcomes such as audibility in lower or higher frequencies may be 

affected by the cochlear structures (117). Because the overall dimensions of the 

cochlea are linked to the range of audible frequencies for species, the cochlea may be 

used to predict hearing capacity (124). The basilar membrane length in terrestrial 

animals is inversely related to the cochlea's low and high-frequency limitations 

(117,120,125). Shorter basilar membrane (BM) lengths are related to an increase in 

high-frequency sensitivity and a decrease in low-frequency sensitivity, respectively. 

Terrestrial animals with short BM lengths have great high-frequency hearing, whereas 

those with long BM lengths have excellent low-frequency hearing (120).  

Cochlear metrics are rarely measured for each patient, nevertheless, 

information on the shape of the cochlea to be implanted should always be included 

before surgery (113). Information on the cochlear metrics allows for the appropriate 

cochlear coverage to be implanted (6,126,127) and personalized CI maps after surgery 

(113). In contrast, an accurate representation is required for both clinical estimates of 

individual frequency maps and preoperative assessment of CI electrode array position 

and related cochlear coverage. A temporal bone CT scan is routinely used to establish 

the anatomical status. Due to the limited resolution of CT, the LW is one of the few 

cochlear structures that can be identified (13). 

Cochlear implants employ the tonotopic maps of the cochlea to convey 

frequency information. Low acoustic frequencies are delivered on the more basal 

electrodes and so have a lower pitch to a CI user than high acoustic frequencies. The 

electrode arrays aren't meant to reach the cochlea's most apical regions, which correlate 

to lower frequencies (13). As a result, the frequencies provided by an electrode array 

on a cochlear implant, and the frequencies represented at the corresponding place in a 

normal hearing cochlea may be caused a mismatch. Because prelingual CI users build 

speech perception primarily through CI, frequency mismatch maybe just a difficulty 

for postlingual CI users. Deviations from natural frequency locations, on the other 

hand, may decrease performance, increase the time it takes for a CI user to achieve 
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asymptote performance, and low quality of the sound (13,102,128). On the other hand, 

the difference between the basal and apical turns in diameter of the cochlea appears to 

be associated with low-frequency sensitivity (129).  

When it comes to deeper insertion of the electrode array, the first theory 

(13,130) argues that apical stimulation reduces mismatch, while others (131,132) 

argue that it confuses the apical frequency range, produces damage, and decreases 

stimulation at the basal turn (14). According to Buchman et al. (130), users of a 31 mm 

electrode array get asymptotic performance quicker than 24-mm electrode array users. 

Roy et al. (133) investigated whether the insertion angle affects low-frequency 

information discrimination in musical sound quality. Deeper insertion angles allowed 

CI users to improve low-frequency perception and better sound quality that were more 

comparable to normal hearing controls. According to Kuthubutheen et al. (11), CI 

users with the 28 mm electrode array and the 31.5 mm electrode array were examined 

with hearing in noise test (HINT) phrase evaluations and consonant-nucleus-consonant 

(CNC) word scores 6 months after surgery and those larger cochlear diameters were 

linked to better speech performance (117).  

Having cochlear dimensions information can result in less damage during 

surgery and better frequency matching. When looking at the effect of angular insertion 

depth on speech perception, O'Connell et. al. (134,135) found that for every 10 degrees 

of angular insertion depth increase, the CNC word score increased by 0.6%. Buchner 

et al. (136) found that the users with the 31.5 mm electrode array had a substantially 

higher speech perception score than users with the 24 mm electrode array in 13 

subjects. Studies found a 40% significant correlation between angular insertion depth 

and speech perception in the first year, whereas studies that looked at speech 

perception in the second year or later found 14% (14). In terms of early and late 

outcomes, the brain may adjust to a variety of changes within a year. Plasticity is a 

significant consideration.  

2.6. Spiral Shape of The Cochlea 

Modern animals' coiled cochlea is an important evolutionary innovation. The 

nautilus shell is a renowned emblem of hearing due to its resemblance to the cochlea 

(10). The outer framework (otic capsule), is made of hard bone and forms a spiral cone 
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shaped like a snail that protects the membrane cochlea (24). However, the reason for 

the inner ear's spiral shape remains confusing (4). Different theories have been put 

forward regarding the causes of the spiral shape. 

2.6.1. Shell Theory 

Physical and biological variables have a formative influence on an organism's 

appearance, which may be revealed through the mathematical investigation of its shape 

(10). The connection between auditory nerve fibers' typical frequency and the cochlear 

site they innervate is logarithmic (125,137,138). The nautilus shell has an outstanding 

similarity with the logarithmic Fibonacci spiral (139). The nautilus shell, on the other 

hand, extends from the inside out, adding chambers as it grows, with the outside 

(larger) chambers resulting from the earlier chambers and nutritional richness. The 

cochlea is distinguished from the otocyst by the fact that it develops in the opposite 

direction (51). As a result, the origins and known constraints of the cochlea and 

nautilus morphologies point to quite different systems (140). 

2.6.2. Whispering Gallery Theory 

The cochlear shape has inspired several practical hearing solutions in the past. 

The inner ear is thought to serve as a whispering gallery, concentrating low-frequency 

tones to the cochlea’s apex, and hence takes an acoustic role due to its structure 

(15,141–143). The cochlea can distinguish between different frequencies because they 

peak at distinct locations along the cochlear duct. This peak location has been proven 

to be unaffected by the spiral structure of the cochlea; in principle, a straight, unrolled 

cochlea should work similarly. As the wave progresses, more energy accumulates 

towards the outside edge of the spirals, rather than being equally spread across them 

(15). Low frequencies have the most significant impact since they enter the spiral the 

furthest. This concentration of sound intensity leads to greater sensitivity because the 

cells that perceive vibrations respond very effectively to pressure variations between 

the inner and outer borders. The sound propagation is likened to the "whispering 

gallery model" designed for St. Paul's Cathedral in London, where even low sounds 

may travel long distances without losing energy, skipping down a cylindrical wall. On 

the other hand, the mild spiral offers vibrations traveling down the cochlea a unique 
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twist: the ever-tighter twists guarantee that sound rays focus gradually closer to the 

wall. The cochlea's spiral design improves its capacity to detect low-frequency sounds 

(15). Conversely, the cochlear shape is very diverse from person to person. This 

heterogeneity is incompatible with the acoustic whispering gallery's function (4).  

2.6.3. Efficient Packing Theory 

Efficient packing theory is the most discussed theory recently. The inner ear's 

form is the result of space constraints within the petrous bone. Local factors have a 

substantial influence on morphogenesis (144). While looking at phylogeny and 

mammals, Luo et al. (48) suggest that Dryolestes, a Late Jurassic animal, has evolved 

bone features of therian-like innervation in comparison to present therians. Because it 

has a less developed cochlear canal than modern therians' coiled cochlea, innervation 

resembling that of a therian evolved before the completely coiled cochlea. Dryolestes' 

cochlear innervation is the preliminary condition for the curve to coil transition in 

mammalian phylogeny.  

The development of the cochlea is controlled by a network of genes 

(145,146). Genes are involved in the epithelia-mesenchymal interaction, in which the 

sensory epithelium and neural tissues help adjacent mesenchyme precursors 

morphogenesis to bone development via chondrogenesis and osteogenesis (48). As a 

result, there are a variety of cochlear specializations in placental animals that relate to 

hearing range in adaptation to different surroundings, all of which are based on the 

same basic structure. Although there is no significant correlation between the length 

and number of turns of the cochlea, it has been proposed that cochlea coiling is a 

mammalian adaptation to overcome a packing difficulty caused by the basilar 

membrane's lengthy elongation (106,116).  

The relationship between intraspecific morphological variations and 

physiological differences is uncertain. The length of the cochlear canal, for example, 

was shown to be related to body mass (129), however, it's unclear whether larger 

people are exposed to a wider or narrower frequency range than smaller persons of the 

same species. The number of turns does not have a significant relationship with body 

mass in most species, and the degree of coiling does not vary considerably (123). 
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Pietsch et al. (4) grouped individual cochlea according to cochlear profiles. 

Human cochlea with smaller bases was more wrapped, which might explain 

interindividual wrapping variation as a result of space restrictions during ontogenesis. 

Space limitations within the petrous bone are the most likely cause of the spiral form 

and substantial interindividual variability. Because of the numerous spatial 

restrictions, the form has multiple anatomical origins, such as the location of brain 

structures influencing the cochlear spaces. Genes (48) and individual spatial 

constraints during ontogenesis, co-determine cochlear shape. 	
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3. PARTICIPANTS AND METHODS 

This retrospective study was conducted within the scope of the Master of 

Science program in Audiology (Department of Audiology, Graduate School of Health 

Sciences, Hacettepe University, Ankara, Turkey) in collaboration with the Auditory 

Neuroscience Laboratory (Department of Experimental Otology, Hannover Medical 

School, Hannover, Germany). Ethical approval was obtained from the Hannover 

Medical University (Protocol no: 18972013). The participants consisted of a group of 

patients who have been followed up at the Medical University of Hannover for CI 

candidacy. Hence, their existing preoperative CBCT and MRI findings were screened 

retrospectively to select the patients to be recruited in the present study sample. 

3.1. Participants 

The study participants were 112 adults, assessed previously with CBCT and 

MRI for CI candidature. The group consisted of 69 females (%61.61) and 43 males 

(%38.39). Their ages ranged from 22 to 96 years. The details of the demographic 

characteristics of the subjects were given in Table 3.1.  

Between July 2010 and June 2021, eligible participants had their temporal 

bones anatomically evaluated as part of a regular clinical visit for various diagnoses of 

hearing loss and/or tinnitus. However, detailed auditory evaluation results of the 

subjects were not available in the database. 112 participants were selected based on 

the following criteria. Potential subjects were ruled out, if they 1) had temporal bone 

and inner ear disorders, either acquired or congenital 2) did not have detectable cochlea 

in both temporal bones 3) did not have a good resolution MRI of the head 4) less than 

18-year-old and 5) movement artifact or incomplete visualization of the cranium. MR 

images of patients were obtained from Visage 7 imaging software, which allows 

virtual access to all data.  
Table 3.1. Demographic information of participants.  

 Mean Sd Min Max 

Age (years) F (n=69) 61.59 19.78 22 94 

M (n=43) 69.53 14.21 26 96 

Total (n=112) 64.6 18.03 22 96 
F: female, M: male, Sd: Standard Deviation, Min: Minimum, Max: Maximum). 
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All participants were postlingually and bilaterally deafened. CDLs from 29 

unilateral CI users were measured specifically for the ear to be implanted (right CDLs 

n= 102, left CDLs n= 91). For the selection of the study ear in bilateral CI users (n= 

83), a statistical analysis was performed to investigate CDL differences between the 

right/left ears. Within-subjects comparisons did not show any statistically significant 

differences between the ears (p>0.05). Hence, CDL data was obtained from the left 

ear for participants with bilateral implantation.  

3.2. Materials and Methods 

The present thesis was based on a retrospective study. Clinical information, 

such as the participants' gender, age, height, and CDL, were obtained from the database 

of Hannover Medical University.  

3.2.1. CDL Measurement 

The cochlear duct length was measured as described previously by Würfel et 

al. (27). A fixed Xoran MiniCAT (Ann Arbor, Michigan) with a 536 x 536 matrix 

detector resulting in 0.3 mm³ isotropic voxels (125 kVp, 7 mA) and a mobile Xoran 

xCAT (Ann Arbor, Michigan) with a 536x536 matrix detector resulting in 0.3 mm³ 

isotropic voxels (125 kVp, 7 mA) was used to collect temporal bone CBCT data (120 

kVp, 7 mA). OsiriX MD (Pixmeo, Los Angeles, California) based on DICOM data 

using 3D curved MPR. 

The round window's distal bony rim acts as the origin. The curve was 

generated in 3D along the bony cochlea's outer border in the projection of the bony 

spiral lamina. The endpoint was specified as helicotrema. The interface included four 

windows, one for each segment and one for the uncoiled spiral.  

When measuring the cochlea, in the interface’s first window, the beginning 

point was defined as a round window in the basal turn. The continuous basal turn and 

the round window were shown in the interface’s second window. The interface’s third 

window displayed the modiolus section which was positioned orthogonally to it. The 

interface’s first window was placed within and parallel to the second window's basal 

turn. The manually measured spiral set point along the bony outside border of the 

cochlea was determined. The endpoint was defined as the helicotrema.  
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CDL was measured in both temporal bones of 84 participants, only the right 

ear of 21 subjects, and only the left ear of 7 subjects (a total of 69 females and 43 

males), for a total of 196 measurements. CDL measurements were obtained 

retrospectively. 

3.2.2 Head Size Measurement 

In the present study, all reference points chosen in MR images could be 

identified. The imaging was performed for clinical reasons, and the settings were 

chosen to provide the cochlea with the best visibility possible. T1 (transverse 

relaxation time 1)-weighted and T2 (transverse relaxation time 2)-weighted MRI 

images were used. T2 scans were first employed, which had a longer repetition time 

(TR) and time to echo (TE) of roughly 4000 and 90 msec, respectively. As a result of 

this, cerebrospinal fluid (CSF) brighter on T2-weighted imaging subsequently made it 

easy to work on cochlear structures. That is, an axial image from MRI (also known as 

a transverse or horizontal plane) which was an image parallel to the ground, separates 

the superior from the inferior which elucidates both of the cochleae were applied. In 

addition, an external view of the head T1-weighted imaging without multiplanar 

reconstruction (MPR) or reformatting that of the original stack which was extracted 

from Visage 7 imaging software MRI data was applied to all patients. 

MR images of patients were extracted as DICOM images. DICOM images 

processing was performed with 3D SLICER version 4.11.20210226 for Windows 10 

image computing open-source and image computing platform software. Axial T2-MR 

image and external view of the head T1-MR image were processed in 3D-by-3D Slicer.  

The first subject was selected randomly to transform MR images into 3D and 

to determine reference points for that. Bringing the MR images to the aligned plane 

required expertise and to do this a special amount of time was spent. Namely, if the 

MR images were rotated to one direction or if they were tilted, then, they were aligned 

via transform option that enabled images to be rotated in 3D until 3D coordinates 

(while moving forward from vertex to the midline and on the left and right side of the 

same structures) became identical. In this alignment process, the heads were visualized 

at the transverse plane. This transverse plane was determined when progressing from 

the vertex of the head down ventrally from the longitudinal axis, to the midline, the 
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section plane in which were first encountered superior semicircular canal, visible as a 

small less dense spots of one or only a few voxels, was chosen as a reference plane in 

the sagittal-inferior direction. This was optimal due to the small size of these 

orientation spots. 

An example of the alignment process, is the end of the basal turns of both 

sides, which is described as a cochlear lateral wall (visible as a small less dense spots 

of one or only a few voxels), at the transverse plane (see figure 3.1.), were rotated on 

the x,y and z coordinates until they were aligned on the same position. Simply, it was 

decided by looking at the y and z coordinates for both sides were equal but these points 

were located in different x coordinates: right and left. All participants’ MRIs were 

rotated in this manner.  

At the same reference plane, the points encountered with the one or few voxels 

of the superior semicircular canal walls (see figure 3.2.), going from the vertex to the 

head down ventrally were chosen as well. These points defined the first point of the 

superior semicircular canal on the transverse plane. 

 

 

 
Figure 3.1. Cochlear landmarks in superior view of the head. 
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(a)  

 

 

 

 

(b) 
Figure 3.2. (a): Right superior SSC reference point which first encountered with superior SSC by 
transverse plane in the lateral view. (b): Both superior SSCs were visible in the superior view of the 
head. 
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Basilar A. is defined as first encountered with the image of the entire circle 

of the basilar A. after going ventrally in the axial image. Before choosing landmarks 

in this section, images were divided into equal-length-squares, then the middle of the 

arteries was chosen. Herewith, in the same section middle of the left and right-side 

Carotid A. was determined as reference points (see figure 3.3.) as well as both carotid 

arteries' y and z coordinates were determined on the same coordinates. So, those inner 

points were equidistant from the face and vertex.  

On the external view of the head, T1-weighted imaging is converted into 3D 

and divided into squares of the equal-length-squares via the transform option in the 3D 

Slicer to choose reliable reference points of equal length to a landmark. Bilateral 

reference points were 1.20 cm anterior to the tragus midline, and they were determined 

as the zygomatic arch's beginning area on the ear side in the literature (147). This point 

was called pretragus in the present study (see figure 3.4.).  

 

 

 
Figure 3.3. Basilar A. and Carotid arteries. Both side of the Carotid arteries were chosen as reference. 
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(a) 

 

(b) 
Figure 3.4. (a): Suborbital left and right. An anterior view of the head indicated the left and right 
suborbital on the tear trough sulcus. (b): Right pretragus. The lateral view of the head was divided into 
squares of equal length and the reference points were 1.20 cm anterior to both of the tragus, and they 
were the zygomatic arch's beginning point on the ear side. 

 

Left and right suborbital (or infraorbital) which is on the tear trough sulcus 

lower limit of the orbital septum (148) and the end of this line, junction point with 

palpebromolar groove chosen as reference points (see figure 3.4.). They are located 

inferior to the middle of the eyes. Another reference point was occipital protuberance 

(also known as external occipital protuberance or opisthocranion) close to the inion 

which is the highest point of the squamous section of the occipital bone, and it is 
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located in the center of the squamous part of the occipital bone. The pretragus, 

suborbital and occipital points are specified in the horizontal plane, according to the 

Frankfort horizontal plane, which is widely used. And the last one was the vertex 

which is located medially on the midscalar region of the top of the head (149) (see 

figure 3.5.). Vertex and occipital protuberance points had been defined similarly for 

anthropometry studies (76,77). 

After the reference points of the first subject were saved in fcsv format, the 

MR image of the subsequent subject was opened with the first points chosen. And the 

first reference points coordinates were changed to 3D until these points' appearances 

were quite suitable for the new subject’s head. 

 

 
Figure 3.5. The right lateral appearance of all right landmarks. The sagittal placement of all markers 
could be seen even if the right SSC and right Carotid A. were selected inside the skull rather than on 
the skull. Occipital protuberance, vertex, right pretragus, right SSC, right Carotid A., and right 
suborbital markers were visible. 
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Saving the reference points for all patients in fcsv format, the corresponding 

files were imported into MATLAB (versionR2018a). The Euclidian distances between 

all points were computed for each patient and exported in xlsx format for further 

evaluation. 

Linear lengths between two points were chosen to give information about the 

head size on the sagittal, coronal and transverse planes and selected the most 

appropriate measures for all planes in which the cochlea is located. Linear distances 

between certain two points were calculated as previously explained. All of these 

measures: left and right suborbital to occipital; left to right pretragus; vertex to left and 

right pretragus, which is called head height in the literature (77); vertex to left and right 

superior SSC; left superior SSC to right superior SSC; left Carotid A. to left suborbital 

and right Carotid A. to right suborbital (see figure 3.6.). 
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Figure 3.6. The pretragus, suborbital, and SSC landmarks on both sides were visible in a coronal 
view. Both circles indicated the cochleae on both sides. 
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3.3. Statistical Analysis 

Statistical analysis was performed using Statistical Package for Social 

Sciences (SPSS) version 26.0 (Chicago, USA). The normality of the data was 

evaluated with the two-tailed Kolmogorov-Smirnov test. Normality tests were carried 

out by checking skewness, histogram, and Kolmogorov-Smirnov test. The equality of 

variances for all variables was assessed by using Levene's test of homogeneity (p> 

0.05). Parametric tests were used for statistical analysis since the Kolmogorov-

Smirnov test confirmed the normal distribution of the CDL, head size, and height data 

(p> 0.05). Bivariate correlations between variables (age, CDL, head size, height) were 

investigated with the Pearson correlation coefficient (two-tailed test). The independent 

sample t-test was performed to determine the gender differences. Correlation 

coefficients were considered very high when R> 0.80, high when R= 0.60-0.80, 

medium when R=  0.40-0.60, weak when R=  0.20-0.40 and very weak when R<0.20. 

The cut-off level for significance was set to 0.05. 
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4. RESULTS 

CDL Findings 

Present CDL findings consisted of 112 ears (mean CDL= 37.04 ± 1.91 mm, 

range 42.9 to 30.8 mm). The descriptive statists for CDL were shown in Table 4.1. 

Bivariate correlations based on data from 83 bilateral participants showed very strong 

positive correlations (r=0.92, p<0.001) for within-subjects right versus left ear CDL 

comparisons. The mean CDL for males (37.42 ±1.87 mm, range 32.7 to 42.2 mm) was 

longer than that for females (36.80 ±1.91 mm, range 30.8 to 43.2) (see figure 4.1.). 

The CDL differences between males and females were not statistically significant [(t 

(110)= -1.703, p= 0.091]. The age did not show any statistically significant effects on 

CDL findings (r=- 0.07; p= 0.463).  

 

(a)  
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(b)  
 

Figure 4.1. (a): CDL’s frequency histogram for females (n=69). (b): CDL’s frequency histogram for 
males (n=43).  

 

Table 4.1. Descriptive statistics of CDLs according to the genders (n=112). 

 Mean Sd Min Max 

CDL (mm) F (n=69) 36.8 1.91 30.8 42.9 

M (n=43) 37.42 1.87 32.8 41.7 

Total (n=112) 37.04 1.91 30.8 42.9 

 

Head Size Findings 

The present head size measures consisted of 112 participants. The descriptive 

statists for head size measures between the landmarks were shown in Table 4.2.  

Head size measures based on the different landmarks were significantly 

correlated with each other. Moreover, the correlations between the left and right-side 

measures were statistically significant (see Table 4.3.). Figure 4.2. represented 

statistically significant positive correlations for left versus right suborbital to occipital 

protuberance measures (r= 0.99, p< 0.001). The present findings showed larger head 

size measures for the males than those for the females (see figure 4.3.-4.4.) and the 

differences were statistically significant (p< 0.05) (see Table 4.2.). 
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Table 4.2. Descriptive statistics of head measures according to the genders (n=112).  

The value of mean, standard deviation (SD), and statistical gender difference t-test results were given. 
F: female, M: male, T: total, SD: standard deviation, LW: lateral Wall, A.: Artery. 

 Gender Mean 
 

SD 
 

Gender Differences 
 

Right - Left Pretragus (mm) 

F 149.89 10.58 
t (110) = -3.903  

p< 0.001 
M 157.76 10.02 
T 152.56 11.01 

Left Suborbital – Occipital (mm) 

F 177.32 9.94 
t (73.102) = -4.729  

p< 0.001 
M 188.16 12.80 
T 181.46 12.27 

Right Suborbital - Occipital (mm) 

F 177.10 10.04 
t (74.949) = -4.801  

p< 0.001 
M 187.96 12.53 
T 181.27 12.22 

Left SSC - Right SSC (mm) 

F 77.69 4.87 
t (72.035) = -3.509  

p< 0.001 
M 81.69 6.40 
T 79.13 5.82 

Vertex - Left Pretragus (mm) 

F 148.59 7.85 
t (110) = -4.569   

p< 0.001 
M 155.52 7.70 
T 151.26 8.46 

Vertex - Right Pretragus (mm) 

F 148.40 8.02 
t (96.799) = -4.716 

 p< 0.001 
M 155.28 7.16 
T 151.13 8.37 

Vertex - Left SSC (mm) 

F 119.63 6.86 
t (110) = -3.597   

p< 0.001 
M 124.22 6.06 
T 121.42 6.91 

Vertex - Right SSC (mm) 

F 119.36 6.44 
t (110) = -3.808   

p< 0.001 
M 124.07 6.24 
T 121.20 6.74 

Occipital - Vertex (mm) 

F 154.34 6.36 
t (67.983) = -4.570 

p< 0.001 
M 161.55 9.04 
T 157.11 8.25 

Left Carotid A.  - Left Suborbital (mm) 

F 74.06 7.09 
t (102.83) = -2.987 

 p= 0.004 
M 77.73 5.78 
T 75.42 6.83 

Right Carotid A. -Right Suborbital (mm) 

F 73.80 6.91 
t (103.201) = -3.540 

p= 0.001 M 77.99 5.52 
T 75.36 6.71 
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Table 4.3. Head size measures correlations with each other. 
 

**: Correlations were statistically significant at the p=0.01 level, *: Correlations were statistically significant at the p=0.05 level. Gray cells demonstrated left versus 
right side measure’s correlation coefficient. 

 
Right- 
Left 
Pretragus 

Left 
Suborbit- 
Occipital 

Right 
Suborbit- 
Occipital 

Left SSC 
- Right 
SSC 

Vertex - 
Left 
Pretragus 

Vertex - 
Right 
Pretragus 

Vertex - 
Left SSC 

Vertex - 
Right 
SSC 

Left 
Carotid 
A. -Left 
Suborbit 

Right 
Carotid 
A. -Right 
Suborbit 

Vertex - 
Occipital 

Right - Left 
Pretragus 

1 
          

Left Suborbit - 
Occipital 

r=.49** 1 
         

Right Suborbit - 
Occipital 

r=.50** r=.99** 1 
        

Left SSC - Right 
SSC 

r=.47** r=.27** r=.29** 1 
       

Vertex - Left 
Pretragus 

r=.37** r=.39** r=.39** r=.23** 1 
      

Vertex – Right 
Pretragus 

r=.42** r=.45** r=.45** r=.19* r=.92** 1 
     

Vertex - Left SSC r=.32** r=.47** r=.47** r=.26** r=.55** r=.56** 1 
    

Vertex - Right 
SSC 

r=.32** r=.48** r=.47** r=.25** r=.59** r=.62** r=.90** 1 
   

Left Carotid A.-
Left Suborbital 

r=.35** r=.44** r=.40** r=.20* r=.23** r=.25** r=.29** r=.28** 1 
  

Right Carotid A.- 
Right Suborbital 

r=.38** r=.45** r=.43** r=.23* r=.26** r=.29** r=.30** r=.28** r=.95** 1 
 

Vertex - Occipital r=.23** r=.61** r=.60** r=.13 r=.60** r=.61** r=.52** r=.58** r=.28** r=.28** 1 
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Figure 4.2. The correlations were statistically significant for right versus left side head measures. The 
figure represented left suborbital to occipital protuberance measures’ correlations with right suborbital 
to occipital protuberance measures (r= 0.99, p< 0.001).  

 

     
(a) 
 



 

 

43 

    

 
(b) 

 
Figure 4.3. (a): Left to right pretragus measures’ frequency histogram for females (n=69). (b): Left to 
right pretragus measure’s frequency histogram for males (n=43). 

 
(a) 
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(b) 

Figure 4.4. (a): Vertex to occipital protuberance measures’ frequency histogram for females (n=69). 
(b): Vertex to occipital protuberance measure’s frequency histogram for males (n=43). 

 

 Height Findings 

The present height measures consisted of 60 participants. The mean height 

was 169.63 ± 9.90 cm (range 149 to 160 cm) (see Table 4.4). Males (174.95 ± 8.32 

cm, range 156 to 190 cm) were taller than females (166.25 ± 9.70 cm, range 149 to 

188 cm) (see figure 4.5.). The differences for males versus females heights were 

statistically significant [(t (58)= -3.563, p= 0.01]. 

Table 4.4. Heights distrubution of the participants (n=60) between genders. 

 Mean Sd Min Max 

Height (cm) F (n=37) 166.25 9.70 149 188 

M (n=23) 174.95 8.32 156 190 

Total (n=60) 169.63 9.90 149 190 
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(a)  

 

 

(b) 

Figure 4.5. (a): The frequency histogram for height in females (n= 37). (b): The frequency histogram 
for height in males (n= 23). 
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Relationships of CDL, Head Size, and Height 

CDL findings did not reveal any statistically significant correlations with 

present head size measures (see Table 4.5.). Figure 4.2. represented individual CDL 

outcomes in relation to vertex to occipital protuberance (r= 0.14, p= 0.154). 

Table 4.5. Head size measures correlations with CDLs. 

 
 
 
 
 
 
 
 
 
 
 
 

  CDL 

Right - Left pretragus (mm) r= 0.01 p= 0.922 

Left suborbital - Occipital (mm) r= 0.09 p= 0.349 

Right suborbital - Occipital (mm) r= 0.11 p= 0.263 

Left SSC - Right SSC (mm) r= 0.03 p= 0.789 

Vertex - Left pretragus (mm) r= 0.10 p= 0.292 

Vertex - Right pretragus (mm) r= 0.10 p= 0.315 

Vertex - Left SSC (mm) r= 0.10 p= 0.291 

Vertex - Right SSC (mm) r= 0.11 p= 0.228 

Occipital - Vertex (mm) r= 0.14 p= 0.156 

Left Carotid A. - Left Suborbital (mm) r= 0.02 p= 0.854 

Right Carotid A. - Right Suborbital (mm) r= 0.02 p= 0.798 
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Figure 4.6. CDL was not significantly correlated with head size measures. The scatter graph 
demonstrated that the CDL correlations with vertex to occipital protuberance (r= 0.14, p= 0.156).  

On the other hand, there were weak positive correlations between CDL and 

height (r= 0.25, p= 0.04) (see figure 4.7.). CDLs tended to be longer with the increase 

in height.  

 

Figure 4.7. The scatter plots revealed significant positive weak correlations between CDL and height 
of participants (n=60, r= 0.25, p= 0.04). 
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To determine the effects of gender, CDL correlations with height were 

investigated separately for each gender subgroup. Gender-specific results did not show 

any statistically significant correlations between the CDL and height, reflecting 

significant effects of gender on both measures (females n=37, r= 0.17, p= 0.308; males 

n=23, r= 0.07, p= 0.743) (see figure 4.8.). 

 
Figure 4.8. CDL relations with height in males and females. There were no statistically significant 
correlations between CDL and height in gender subgroups (female: n=37, r= 0.17, p= 0.38; male n=23, 
r= 0.07, p= 0.743). 

Finally, there was a statistically significant positive correlation between head 

size and height (see Table 4.6.). Hence, head size tended to grow with the increase in 

height. The significant correlation coefficients between height and head size measures 

ranged from 0.29 to 0.48 (p< 0.05).   
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Table 4.6. Head size measures correlations with height.  

 
**: Correlations were statistically significant at the p= 0.01 level, *: Correlations were statistically 
significant at the p= 0.05 level.  

 

 

 

 

 

 

 

  Height 

Right - Left pretragus (mm) r= 0.34** p= 0.007 

Left suborbital - Occipital (mm) r= 0.42** p= 0.001 

Right suborbital - Occipital (mm) r= 0.45** p< 0.001 

Left SSC - Right SSC (mm) r= 0.39** p= 0.002 

Vertex - Left pretragus (mm) r= 0.38** p= 0.002 

Vertex - Right pretragus (mm) r= 0.43** p< 0.001 

Vertex - Left SSC (mm) r= 0.44** p< 0.001 

Vertex - Right SSC (mm) r= 0.48** P< 0.001 

Occipital - Vertex (mm) r= 0.39** p= 0.002 

Left Carotid A. - Left Suborbital (mm) r= 0.29* p= 0.021 

Right Carotid A. - Right Suborbital (mm) r= 0.35** p= 0.005 
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5. DISCUSSION 

This study assessed the relationships of CDL with head size and body height. 

Previous studies have shown that cochlear shape was significantly affected by spatial 

restrictions around the cochlea (4). In the present study, it was hypothesized that the 

CDLs were significantly affected by surrounding structures during ontogenesis. Such 

anatomical characteristics might be preserved in the anatomy of the head. The results, 

while observing significant variations in individual CDL did not support the 

hypothesis: individual CDLs had no statistically significant correlations with head size 

measures. However, CDL showed weak correlations with body height.  

The present outcomes are not affected by imprecise measurements. As can be 

seen in Fig. 4.2, measurement noise may contribute maximally to < 1.3% of the 

variability of our outcome measures, much more than the range of values of interest. 

This is thus insufficient to explain the absence of significant correlations. The absence 

of correlations thus suggests that there is no relation between the adult head size and 

the CDL. 

However, both head size and CDL showed significant variability, as in 

previous studies. In the present study, CDL findings (mean= 37.04 ± 1.91 mm) were 

similar to those from Breitsprecher’s study (mean= 37.0 ± 1.3 mm) using the same 

imaging technique (150). The CDL of the left and right cochlea did not differ 

significantly in the present study, consistently with many previous studies 

(27,102,151). Only, Thong et al.’s study (16) found that the basal turn length of the 

cochlea could differ between the two ears. The basal turn length is related to whether 

the cochlea has a wider or narrower basal and is affected by hearing loss and its degree 

(152–154). The reason for the difference found in Thong et al. (16)’s study between 

the two ears may be the degree of hearing loss. 

As mentioned before, the cochlea does not continue to grow after birth and 

becomes mature at 17-19 WG. Therefore, in the present study, age did not show any 

significant effects on CDLs. Such results are in line with Waldeck et al., Würfel et al. 

and Pelliccia et al.’s findings (27,154,155). In addition, Pelliccia et al. did not observe 

any relationship between the age of the patients and height, basal turn length, and 

volume of the cochlea as well (154). Indeed, to the best of our knowledge, the unique 

study indicating a significant effect of age on CDLs is the one conducted by Hardy 
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(25) where the study findings reveal significant cochlear length differences between 

younger (<20 years old) and older (>40 years old) participants. However, the study 

consists of a relatively small and heterogeneous sample with a remarkable inequality 

of gender distribution for age subgroups of comparison. These might have caused these 

differences.  

The significant effects of gender have been confirmed by the majority of 

existing studies, reflecting slightly longer mean CDLs in males (7,16,25,106,156). 

Conversely, many studies are showing no significant differences between female and 

male CDLs, similar to the present study (157–162). Such findings might partly be 

explained by the smaller sample size in comparison to some previous studies indicating 

significant gender effects (7,16,25,106,156). 

With the different periods, the skull bones continue to grow after birth. 

Cochlea’s surrounding structures such as the facial nerve differentiate in parallel with 

the eighth cranial nerve during the 3 WG (163). The facial nerve divide continues 

ventrally and the roots pass into the internal acoustic canal, where they join (164). In 

the development of the ear region, three stages can be differentiated: a blastemal period 

in E 20, when mesenchymal tissue surrounds ear structures; a cartilaginous period in 

7 WG, when condensations of mesenchyme transform into a cartilaginous otic capsule; 

then an osseous period, when bone replaces cartilage (165). The shift from 

mesenchyme to cartilage, and then from cartilage to bone, is slow, thus one stage 

overlaps the next. However, before being constrained by surrounding cartilage and 

bone, the blastemal phase establishes the majority of the definite course of the facial 

nerve which is cause spatial constraints around the cochlea. The inner ear has almost 

completed its shape and is covered by cartilage at the end of the E 57 (166). By this 

phase, the majority of the definitive nerve route has been developed. The facial nerve 

has completed its development at E 58 with its route in the internal auditory canal. 

That is, the cochlea fully matures before the facial nerve takes its final form. Even in 

seemingly normal-appearing ears, the facial nerve route across the area varies 

considerably because facial nerve turns have a wide curve with various angles that 

display a wide range of sizes, from short to very large (150). The sequence in which 

inner ear components arise may have a significant impact on the nerve's final 

arrangement. The inner ear structures may affect shapes each other prenatally: for 
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example, Pietsch et al. (4) found that cochlear indentation where the facial nerve 

approaches the cochlear base. The cochlea’s spiral shape has formed to provide a more 

effective packaging in the area where it is located (111). While there are standardized 

test subjects such as the mastoid, facial nerve, cochlear morphology, and the bone 

labyrinth capsule; anatomic evaluation of the cochlear dimensions is not conducted 

routinely before the surgery. Unfortunately, the present measurements were taken in 

the adult head, and this continues to grow substantially after birth. Since the final shape 

of the cochlea is established during intrauterine development, the adult condition may 

not be proportional to the condition during the development of the cochlea. 

Head size is routinely measured as it is important for children's development 

therefore previous studies generally include the pediatric group’s head circumference 

(22,68,69), in contrast to the adult group MR images in the present study. Marcus et 

al. (94) measured linear length between vertex to occipital points by CT as 128.94 mm 

in the pediatric population and in the present study linear length between occipital 

protuberance to vertex points has been found as 157.11 mm in an adult population. It 

is reasonable because the head size of the children is quite smaller than adults and 

continues to grow until 20 years old. On the other hand, Lin et al. (167) measured the 

linear length of the adult head's nasion to ophisthocranion points as 186.4 in males 

versus 176.0 in females and it's quite similar to the present study's left-suborbital-to-

occipital measurement (mean= 188.16 mm in males versus 177.32 mm in females) as 

well as with the right-suborbital-to-occipital measurement (mean= 187.96 mm in 

males versus 177.10 mm in females). Although there were different landmarks in the 

present study, the linear distance from the nasion-to- ophisthocranion points seems 

spatially similar to the linear distance from the suborbital-points-to-occipital points. In 

addition, the linear length of the eurion-to-eurion points was found 160.5 mm in males 

and 154.6 mm in females according to Lin et al. (167)'s study and it is similar to the 

present study's right-to-left-pretragus measurement findings as 157.76 mm in males 

however it is slightly more than for females (149.89 mm). Similarly, the linear distance 

from the eurion-to-eurion points seems spatially similar to the linear distance from the 

right-to-left-pretragus points when looking at the anterior view of the human skull. As 

a result, it's reasonable to expect similar results for all of the measures in Lin et al. 

(167)'s study and the present studies. 
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Farkas et al. (80) measured the linear length of the glabella-to-occipital points 

as 189.2 mm in males similar to the present study’s left-suborbital-to-occipital 

measures as 188.16 mm in males however slightly more for females (182.7 mm) than 

the present study (177.32 mm). According to Farkas et al. (80) and Lin et al. (167)'s 

studies, some linear distances were found more than in the present study, especially 

for females. They used martin's pelvimeter in their measurements, and factors such as 

skin and adipose tissue may have been more impact on females compared to the MRI 

technique in the present study, and the result of these measurements may have been 

overestimated. On the other hand, other studies (94,168) also have shown a difference 

of approximately 10 mm between males and females for each of the head size measures 

and they are similar to the present study.  

Kayış et al. (169) measured adult males' linear length of the right-to-left-

pretragus as 151.0 mm and it was slightly less than the present study's same distance 

of 157.76 mm. This little discrepancy might be due to differences in identifying the 

pretragus landmarks. In the same study, the linear length of the glabella-to-occipital 

points was found as 187.1 mm, and the present study's linear length of the left-

suborbital-to-occipital and right-suborbital-to-occipital points were measured 

similarly (187.96 mm and 188.16 mm respectively). As mentioned before, glabella-to-

occipital points seem spatially similar to the linear distance from the suborbital-to-

occipital points, so these measures are quite similar in males similar to Farkas et 

al.(80)‘s findings. 

In addition, Aoyagi et al. (168) found adults' linear length of the tragus-to-

tragus points 152 mm in females and 160 mm in males. Their findings are similar to 

the present study's linear length of the left-to-right-pretragus points as 149.89 mm in 

females and 157.76 mm in males. The inter-tragus and inter-pretragus measures are 

similar in the lateral axis of the skull since they are adjacent landmarks. Likewise, 

Lacko et al. (170) found adults' tragus-to-tragus measures as 148 mm for both genders 

with 3D MRI scans, similar to the present study (152.56 mm). Although the head 

anthropometry studies mentioned before generally used Martin's Pelvimeter, it's quite 

similar to the present study's head size results which used 3D MRI scans. 

Similar to the literature (18,168,171), the present study findings differ 

significantly between genders and show larger head size measures for the males than 
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those for the females. Contrary to expectation, however, there were no statistically 

significant correlations between present CDL and head size findings. The cochlea 

maturates prenatally whereas the head continues to grow until adolescence. This fact 

might be the underlying reason for such outcomes. Different factors may be involved 

in the growth of the head in the postnatal period. However, if the cochlear shape is 

investigated in detail i.e. cochlear turns with head size or cochlear volumes with the 

head size the differences might be observed in the microscopic plan. Growths in the 

basal and middle turn can be associated with the cochlear turns' space, for example, 

narrower basal turns and shorter preauricular distances. In individuals with a smaller 

head width, the cochlea may have a more spiral shape due to spatial restrictions 

however no change in CDL. Pietsch worked with micro-CT and specifically studied 

the cochlear shape. The structures surrounding the cochlea nearly have a significant 

effect on the cochlear shape. The CDL is found to be affected by different factors. In 

terms of study population features, Grover et al. (172) from India claimed that Asians 

had less CDL, conversely, Singla (173) et al. from India as well reported one of the 

longest CDL in the literature. Atalay et al. (174) studied CDL covariations of CDL, 

including gender, age, population characteristics, the origin of cochlear material, 

measured structure, and measurement method. The cochlear size was observed to be 

significantly shorter for individuals with congenital sensorineural hearing loss 

(CSNHL) but not for other covariations. Similarly, Grover et al. (172)’s study included 

children with CSNHL and they found shorter CDL in them than in previous studies. A 

problem during the formation of the basilar membrane may explain that the children 

with CSNHL have shorter CDL than the normal cochlea. In addition, Pelliccia et al. 

(154) investigated cochlear size variability among the degree of hearing loss in a total 

of 241 patients with both congenital and post-lingual hearing loss. The total length of 

the cochlea is unaffected by the degree of sensorineural hearing loss; however, it can 

impact the height and basal turn length of the cochlea. It is reasonable that post-lingual 

sensorineural hearing loss can’t have an effect on CDL that matures before birth. These 

results are similar to Lan et al.(152) and Purcell et al.(153)’s findings, which indicate 

that CSNHL affected the cochlea's height and basal turn length. The present study's 

participants were post-lingual deafened and the mean CDL is longer than CDL in 

CSNHL studies  (159,172,175). As a result, CSNHL and shorter cochlea may share 
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the same etiological origin. The present study could not investigate CDL relationships 

with the auditory results due to missing audiological data, but this topic continues to 

be particularly very interesting for hearing impaired people with cochlear implants. 

 In the phylogenetic studies, Beals et al. (124) compared the CDL of the gorilla 

(36.32 mm), chimpanzees (35.88 mm), Neandertals (37.27 mm), and modern humans 

(36.62 mm) from cadaveric temporal bone specimens and they found that the mean 

CDL of four species were not statistically different, however, the number of cochlear 

turns was statistically different between these species. Additionally, they investigated 

cochlear volumes and Neandertal absolute cochlear volumes are in line with modern 

human cochlear volumes, but significantly larger than gorillas and chimpanzees’ 

cochlear volumes. Cochlear shape reconstruction of these four species not only shows 

the similarities in shape but also differences. Cochlear volume may represent changes 

in the overall shape of the bone labyrinth (15)  and its surrounding structures, whereas 

CDL reflects the similar total length of the basilar membrane between these species 

(117). It is known that Neandertals have significantly bigger and especially expanded 

skulls than modern humans but similar brain volumes (176–178). The gorillas have a 

larger head than humans, but conversely, smaller brains which is the result of the more 

flattened shape of the head (179). Chimpanzees have much smaller heads than humans 

(180). But these species' CDLs are similar to modern humans (121). And the result of 

this relationship suggests that the growths in the head in relative species mostly affect 

the shape of the cochlea, not comparable to CDL.  

In another phylogenetic study, Ekdale et al. (129) found a significant 

correlation between the head length (range 543 -16.9 mm) and the bony labyrinth 

length (range 2.71 – 10.1 mm) of highly different several placental mammals (r= 0.80, 

p< 0.01). Although no comparable differences in CDL and head size could be found 

between related species or within the same species, a significant correlation is 

observed between very different taxes. Interindividual variability was not assessed. 

On the other hand, the CDL of the present study is significantly correlated (r= 

0.24, p< 0.05) with individual height although many factors affect height during the 

development process. The weak correlation and the absence of gender-specific 

correlation may indicate the presence of a correlation in the gender effect.  
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The height is also significantly correlated with head size measures. Mansur et 

al. (17) found a correlation between head circumference and individual height 

statistically significant (r = 0.443 for males, r = 0.302, p<0.01 for males and females). 

According to Hshieh et al. (18) coefficient factor for a significant correlation between 

head circumference and individual height was found as 0.46. In the present study, 

correlation coefficients ranged from 0.29-to 0.48 which is similar to previous studies' 

coefficients. The Head circumference measurement method was used in the past 

studies and even though a different method was used in this study; the correlation 

coefficients were found to be similar to the past studies.  

Only the length of the cochlea was measured in the present study, but other 

important parameters such as height and basal turn length of the cochlea were not 

examined along with different head size measures. In the previous studies, CSNHL 

affected temporal bone structures such as the larger bony width of the semicircular 

canals and the height of the cochlea (152,153). Differences occur in the temporal bone 

during the development of the cochlea and CSNHL, which is hearing loss that occurs 

during the development, affects the cochlea. The width of the area in which the cochlea 

is located may cause at first subtle differences in the inner ear. Therefore, small 

differences in the cochlear shape may be investigated. However, this is the first study 

that gives an idea of how much the CDL is affected by external factors in maturational 

development. Although no relationship was found between CDL and head size in the 

study, the whole cochlea and the surrounding structures in the area are developing at 

around the same time in orthogenesis, so they may affect each other in this process. 

Further research may investigate the relationships between the structures in the 

temporal bone and the cochlea specifically during intrauterine development.  
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6. CONCLUSION AND RECOMMENDATIONS 

The present study entitled 'The Relation Between Cochlear Duct Length and 

Head Size Assessed by MRI and CBCT is the first attempt to investigate the 

relationships between CDL, head size, and height in humans. Specifically, the cochlea 

and the head are thought to have significant correlations in size since the cochlea is 

developing in the temporal bone embedded in the head. For this purpose, CDLs 

assessed by CBCT were compared with head size landmarks assessed by MRI. 

Moreover, the effects of demographics such as age and gender were studied to 

understand the factors that may be affecting the CDL, head size, and height. In 

conclusion, the following findings had been observed: 

1- The CDLs from the opposite ears were very similar and did not show any 

statistically significant differences. 

2- As expected, the age did not show any statistically significant effects on 

the CDL.  

3- The average CDL from males was remarkably longer than that of females 

but the gender differences did not achieve statistical significance. 

4- The average head size measure was longer for males than that for females 

and the gender differences were statistically significant. 

5- Similarly, with the head size, the males were taller than the females on 

average and these differences in height were statistically significant. 

6- The CDL and the head size did not correlate significantly with each other. 

7- The CDL and the height of individuals had significant but weak 

relationships. 

8- Similar to the literature, the height and the head size showed statistically 

significant relationships with each other. 

Based on these results, it can be concluded that the CDL relationships with 

head size are not statistically significant, on the other hand, the height has significant 

weak relationships. Despite sharing an interrelated genetic makeup, the head size and 

the height can be affected by other factors such as nutrition during the life course. 

However, the observation of gender differences showing similar tendencies towards 

shorter measures for females' CDL, head size, and height within the same sample 

highlights the need for further research. Rather than the length, the cochlear shape 
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might be affected by spatial restrictions. Indeed, the shape of the cochlea and the head, 

more specifically the surrounding structures of the cochlea, may share some 

similarities. Future research may focus on the relationships between the cochlear shape 

and its’ surrounding structures by using micro-CT.  
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