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Background: Magnetic resonance imaging (MRI) is used to determine whether cochlear nerve
development is normal in infants and adults, but it has not yet been used to evaluate cochlear nerve
development or measure cochlear nerve-related structures in the fetus. This study sought to provide imaging
data for clinical evaluations concerning cochlear nerve development in the fetus using MRI.

Methods: Postmortem 3.0-Tesla MRI of inner ear was performed in 51 fetuses with normal temporal bones
at 25 to 40 weeks of gestation. The continuous scanning protocol incorporated axial three-dimensional (3D)
sampling perfection with application-specific contrasts using different flip angle evolution sequences. The
images were evaluated to measure the structures of the cochlear aperture (CA), internal auditory canal IAC),
and vestibulocochlear and facial nerves in the cerebellopontine angle (CPA), which have been reported to
be associated with cochlear nerve development. We also calculated the ratio between the diameters of the
vestibulocochlear and facial nerves. The measurable parameters were compared between the right and left
sides. The threshold for statistical significance was set at P<0.05.

Results: The inner ear anatomy was discernible on MRI in all the fetal specimens, and growth of the CA,
TAG, vestibulocochlear nerve, and facial nerve in the CPA was observed as fetal age increased. There was no
significant difference in the measurements of these structures between the right and left sides (all P>0.05).
Conclusions: MRI can be used to help evaluate the anatomy and development of the cochlear nerve in the

fetus. These normative measurements could be valuable for clinical evaluations of the cochlear nerve.
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Introduction

Cochlear nerve deficiency includes cochlear nerve aplasia
and cochlear nerve hypoplasia, which are typically associated
with congenital sensorineural hearing loss (1,2). Cochlear
nerve deficiency accounts for approximately 10-19% of
hearing loss cases in children (3). Therefore, it is important
to determine whether the cochlear nerve is abnormal or
not. Currently, the accurate diagnosis of cochlear nerve
deficiency is a research hotspot.

As the external ear, middle ear, and inner ear develop
independently, inner ear malformations are often isolated
without external and middle ear abnormalities. Moreover,
due to the relatively deep positioning of the inner ear,
it is difficult to make an accurate diagnosis by prenatal
ultrasound (4). Fetal magnetic resonance imaging (MRI)
is a commonly performed alternative prenatal imaging
modality that is critical for evaluating normal fetal anatomy,
congenital malformations, and abnormal development,
and for understanding fetal organ functions and metabolic
activity (5). Notably, in fetal cranial examinations, the
coronal position parallel to the brainstem scan symmetrically
displays the bilateral inner ear structure (6). Therefore,
MRI of the fetal inner ear can be used to rule out inner ear
abnormalities. However, MRI studies on the fetal ear have
predominantly focused on the middle ear (7,8) and external
ear (9,10). The few studies that have investigated the inner
ear are mostly case studies (11). Additionally, due to the
limited resolution of MRI in intrauterine fetuses, the fine
anatomical structure of the inner ear cannot be adequately
depicted, and it is difficult to see the delicate cochlear nerve
clearly.

Postmortem MRI has also been used to investigate fetal
temporal bones development (12,13), as it allows the details
of the inner ear to be clearly identified. However, while the
development of the cochlear nerve can be directly assessed
by measuring its diameter, due to resolution limitations, the
cochlear nerve cannot be clearly observed in many cases,
even on specimen MRI scans. The vestibulocochlear and
facial nerves in the cerebellopontine angle (CPA) (14,15),
internal auditory canal (IAC) (16,17), and cochlear aperture
(CA) (18,19) indirectly reflect the development of the
cochlear nerve. Nevertheless, only limited research appears
to have been conducted on the development of the cochlear
nerve and the measurement of the structures related to it.
MRI scanning of the temporal bone of 18 fetal specimens in
1996 clearly visualized the inner ear structure; however, only
morphological observations (without MRI measurements)
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were obtained (12). Therefore, to illustrate the fetal inner
ear structure and explore the MRI manifestations of inner
ear development, we used the 3.0-Tesla MRI system to
scan 51 fetal specimens at 25 to 40 weeks of gestation. To
establish the standard measurement range of the fetal inner
ear, the diameters of the CA, IAC, and vestibulocochlear
and facial nerves in the CPA were measured. These results
could potentially serve to guide clinical evaluations of
cochlear nerve development in fetuses.

Methods
Fetal specimens

A total of 51 fetus specimens from 25 to 40 weeks of
gestation were included in this study. All the postmortem
fetuses were obtained from the School of Medicine,
Shandong University, Research Center for Sectional and
Imaging Anatomy. These specimens had previously been
collected from hospitals in the Shandong Province of
China, and were partially used to study the fetal spine,
sacrococcygeal centrum ossification centers, the fetal
thymus, and the fetal spinal canal and spinal cord in
previous publications (20-23).

The cohort comprised 30 male and 21 female fetuses.
Some specimens were acquired following medically
indicated abortions due to maternal teratogenesis infection,
stressful intrauterine conditions, pregnancy-induced
hypertension syndrome, severe cardiovascular disease,
chronic nephritis, and stillbirth caused by accident. The
other specimens were collected from spontaneous abortions
due to unknown causes, which might have been related to
uterine myoma, systemic infection, or neuro-psychentonia.
The gestational week (GW), gender, and reason for
the termination of pregnancy for each specimen in the
study cohort are listed in Table 1. The parents provided
informed consent for the donation of the fetal cadavers.
The study protocol was approved by the Ethics Committee
at the School of Medicine, Shandong University (No.
SDULCLL2021-1-05). The study was conducted in
accordance with the Declaration of Helsinki (as revised
in 2013).

Fetal gestational age (GA) was estimated based on the
date of the mother’ last menstrual period and the length of
the crown-rump region of the fetus. The inclusion criteria
for the study were as follows: (I) a lack of intrauterine
growth restriction, chromosomal abnormalities, or any
other intrauterine stressors; (II) no family history of genetic
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Table 1 The demographic information of the specimens

aw Number  Gender Reason for termination
(n=51) (M/F) of pregnancy

25 5 3/2 SA[3], CN [1], SCD [1]

26 4 2/2 SA[3], SCD [1]

27 5 3/2 SA[3], SCD [1], TI [1]

28 3 3/0 SA [2], PIHS [1]

29 3 21 SCD [2], TI [1]

30 2 11 SIC [1], SCD [1]

31 3 1/2 SIC [1], PIHS [1], SCD [1]

32 2 0/2 SCD [1], CN [1]

33 3 1/2 PIHS [1], SCD [1], SCA [1]

34 3 2/1 SIC [1], PIHS [1], CN [1]

35 1 1/0 PIHS [1]

36 3 1/2 PIHS [1], CN [1], SCA [1]

37 4 31 PIHS [3], CN [1]

38 2 2/0 PIHS [1], SCD [1]

39 3 3/0 PIHS [1], CN [1], SCA [1]

40 5 2/3 PIHS [2], SCD [1], CN [1], SCA [1]

GW, gestational week; M, male; F, female; SA, spontaneous
abortion; CN, chronic nephritis; SCD, severe cardiovascular
disease; Tl, teratogenesis infection; PIHS, pregnancy-induced
hypertension syndrome; SIC, stressful intrauterine condition;
SCA, stillbirth caused by accident.

disorders associated with chromosomal abnormalities or
deafness genes for the past three generations; and (III)
normal temporal bone development during the intrauterine
ultrasound and postmortem MRI. All the fetal specimens
were refrigerated (at approximately -26 to -18 °C) within
48 hours of delivery. The MRI examinations were performed
at room temperature (at approximately 26 °C).

MRI

All the scans were performed with a 3.0-Tesla MRI system
(MAGNTOM Prisma, Siemens Healthcare, Germany)
fitted with a 64-channel array head and neck coil. The
temporal bone was covered using three-dimensional (3D)
T2-weighted sampling perfection with application-specific
contrasts using different flip angle evolution (T2-SPACE)
sequence. The parameters of the 3D T2-SPACE sequence

were as follows: plane = axial; field of view =160 mm x
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160 mm; repetition time =1,200 ms; echo time =125 ms;
slice thickness =0.5 mm with no slice intervals; voxel size
=0.5 mm x 0.5 mm x 0.5 mm; and excitations =1.6. The
average total scan time was approximately 2 min and 41 s.

Image processing and analysis

The MRI scans were saved in Digital Imaging and
Communications in Medicine (DICOM) format and
transmitted to the GE AW4.7 workstation (Discovery CT
750 HD) for multi-plane image reconstruction. The MRI
images were independently reviewed by two radiologists
with more than five years of experience each in fetal MRI
(N.H. and M.M.). These radiologists were blinded to the
imaging findings. In cases of differing opinions, consensus
was reached through discussion. To determine the final
measurement result, the area of interest was magnified four
times. Each parameter was manually measured twice, and
the average value was calculated. The following parameters
were measured:

(I) The vestibulocochlear and facial nerve diameters
of the CPA, which were measured from an oblique
sagittal reconstruction image perpendicular to
the inner ear canal (Figure I). The average values
of the anteroposterior diameter along with the
craniocaudal diameter were also obtained and their
ratios calculated.

(II) The IAC diameters and lengths in the axial and
coronal planes. The mean of the distance from
the falciform crest to the hilar region of the inner
ear measured in the coronal and axial views was
defined as the length of the IAC. Anteroposterior
and craniocaudal diameters were obtained from the
axial and coronal TAC images (Figure 2). The shape
of the TAC was also observed.

(1) The CA diameter. First, the CA was displayed on
the axial image with the sagittal alignment line
parallel to the CA. Next, the CA was displayed
on the sagittal image, and the axial image was
reconstructed to show the CA maximum diameter
plane (Figure 3).

Statistical analysis

All the statistical analyses were performed using SPSS 22.0
(IBM, Armonk, NY, USA). The data were presented as
the mean + standard deviation of the measurements. We
used the inter-class correlation coefficient (ICC) to test
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Figure 1 Facial nerve and vestibulocochlear nerve in the CPA at 28 weeks of gestation (A,B) and 35 weeks of gestation (C,D). (A,C)
Transverse 3D SPACE T2-weighted scans of the facial nerve (thin arrow) and vestibulocochlear nerve (thick arrow) in the CPA. The nerves
are parallel with the facial nerve in the front and the vestibulocochlear nerve in the back. (B,D) Oblique sagittal image showing the facial
nerve (thin arrow) anteriorly and the vestibulocochlear nerve (thick arrow) posteriorly. CPA, cerebellopontine angle; 3D, three-dimensional;

SPACE, sampling perfection with application-specific contrasts using different flip angle evolution.

Figure 2 The IAC was measured in the axial and coronal 3D SPACE T2-weighted MRI images. (A) The anteroposterior diameter (white
line) and length (black line) of the IAC were measured in the axial image at 30 weeks of gestation. (B) The craniocaudal diameter (white line)
and length (black line) of the IAC were measured in the coronal image at 36 weeks of gestation. IAC, internal auditory canal; MRI, magnetic
resonance imaging; 3D, three-dimensional; SPACE, sampling perfection with application-specific contrasts using different flip angle
evolution.

Figure 3 The diameter of the CA was measured at the maximum level of the CA in the axial 3D SPACE T2-weighted MRI images. (A) The
diameter of the CA at 32 weeks of gestation (white line). (B) The diameter of the CA at 29 weeks of gestation (white line). CA, cochlear
aperture; 3D, three-dimensional; SPACE, sampling perfection with application-specific contrasts using different flip angle evolution; MRI,

magnetic resonance imaging.
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Figure 4 Axial 3D SPACE T2-weighted MRI images showing the inner ear structures at 34 weeks of gestation. (A) The right and left

superior semicircular canals (white arrow). (B) The cochlear top and middle turn (white arrow) and the vestibule (red arrow). (C) The

cochlear basal turn (white arrow) and posterior semicircular canal (red arrow). 3D, three-dimensional; SPACE, sampling perfection with

application-specific contrasts using different flip angle evolution; MRI, magnetic resonance imaging.

the measurement consistency between the two viewers.
Additionally, we employed the paired-sample z-test
to compare the two groups. Spearman’s correlation
coefficient was applied to identify any correlation between
the measurement results and GWs. A P value <0.05 was
considered statistically significant.

Results

This study included 51 fetal specimens (30 males and
21 females, at 25-40 weeks of gestation). The GA,
calculated based on the crown-rump length, was highly
correlated with that calculated using the known date of the
beginning of the mother’s last maternal menstrual period
(R=0.97; P<0.001).

The first morphological observation (i.e., the 3D T2-
SPACE sequence images) depicted the following inner ear
structures in the second and third trimesters: cochlea, CA,
vestibule, semicircular canal, IAC, and vestibulocochlear
and facial nerves in the CPA (Figure 4). The IAC was
variable in shape, and roughly categorized as parallel, flared,
or ampulla tubes. The IAC length was correlated with the
GA (Figure 5).

As the scatterplots show (Figure 64-6E), the diameters of
the vestibulocochlear and facial nerves in the CPA, as well
as the diameters of the IAC in both the axial and coronal
planes, and the diameter of the CA, remained consistent
throughout the second and third trimesters of pregnancy.
Indeed, only the length of the IAC in both the axial and
coronal planes exhibited a linear increase with GA (left in
axial planes: R’=0.78, P<0.05; right in axial planes: R’=0.78,
P<0.05; left in coronal planes: R’=0.71, P<0.05; right
in coronal planes R°=0.67, P<0.05) (Figure 6F,6G). The
visibility of the inner ear anatomy improved as the fetal age
increased.

The average diameter of the vestibulocochlear and
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facial nerve diameters in the CPA, the diameters and
lengths of the IAC in both the axial and coronal planes,
and the diameter of the CA were 1.00+0.14, 0.70+0.13,
3.6420.57, 3.55+0.1.27, 4.07£0.52, 4.12+1.11, and 1.90:0.17
mm, respectively. The results showed that there was strong
consistency in the measurements of these cochlear nerve-
related structures (ICC: 0.73-0.94; Table 2).

Table 3 summarizes the MRI data for these cochlear
nerve-related structures. No significant differences were
observed between the measurable parameters of these
cochlear nerve-related structures on the left and right sides.

Discussion

We found that the high-resolution 3D T2-SPACE sequence
could be used to visualize the inner ear structures of
postmortem fetal specimens. Several structures, including
the cochlea, CA, vestibule, semicircular canal, TAC, and
nerves in the CPA became more visible as the GA increased.
Imaging-based measurements were taken to preliminarily
determine the expected values of the structures related to
cochlear nerve development. The measurement indices
did not differ significantly between the two sides. The
measurements of the diameters of these structures provided
quantitative data on the inner ear growth of the fetuses
between 25 to 40 weeks of gestation and further reflected
the development of the cochlear nerve.

Fetal movement is the main factor affecting MRI
imaging. Due to issues related to the safety of pregnant
women and fetuses, sedatives cannot be used during the
scanning process; thus, only fast-imaging sequences can be
used to reduce the interference of fetal movement artifacts.
However, as the current scanning technology cannot
sufficiently display the fine structure of the inner ear, it fails
to meet clinical requirements. To study the development
of the fetal cochlear nerve, it is necessary to establish new
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Figure 5 The IAC at 24 weeks of gestation (A,D), 30 weeks of gestation (B,E), and 36 weeks of gestation (C,F). (A-C) Axial 3D SPACE T2-
weighted MRI image showing the right and left IAC; the length of the IAC increased as the GA increased. (D-F) Coronal 3D SPACE T2-
weighted MRI showing the bilateral IAC; the length of the IAC increased as the GA increased. The IAC is divided into two parts at the

bottom, each of which consists of fine nerves, one leading to the cochlea and the other leading to the vestibule. IAC, internal auditory canal;

3D, three-dimensional; SPACE, sampling perfection with application-specific contrasts using different flip angle evolution; MRI, magnetic

resonance imaging; GA, gestational age.

methods for the in-depth exploration of the inner ear
anatomy.

MRI of fetal specimens is not limited by the field strength
or scanning time; moreover, a high-resolution isotropic
scanning sequence can be used to obtain high-definition
images and perform multi-level reconstruction, which is
convenient for fetal scientific research. Nevertheless, the
quality of specimen MRI images is susceptible to various
influential factors, including the acquisition temperature,
formalin immersion duration, and specimen storage time.
Temperature also affects the MRI signal intensity and image

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

contrast. At temperatures below 20 °C, the T2-weighted
MRI images contrast is reduced to a certain extent and the
signal intensity changes (24,25). To mitigate the influence of
chemical reactions, such as tissue dehydration and protein
cross-linking, which can potentially change the relaxation
time (26), the cadavers used in this study underwent frozen
preservation. Further, to minimize the detrimental effects
of prolonged storage on image clarity, the MRI scanning
was completed within one month from the time of delivery.
Notably, a previous study showed that the quality of frozen-
thawed MRI images is similar to that of MRI images
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Figure 6 Scatterplots showing the relationship between the measurement of each cochlear nerve-related structure and gestational age in
weeks. (A) The diameter of the vestibulocochlear nerve in the CPA. (B) The diameter of the facial nerve in the CPA (C). The diameter of
the TAC in the axial plane. (D) The diameter of the IAC in the coronal plane. (E) The diameter of the CA. (F) The length of the IAC in the
axial plane. (G) The length of the IAC in the coronal plane. In the scatterplots, the blue triangles represent males, and the green triangles

represent females. CPA, cerebellopontine angle; IAC, internal auditory canal; CA, cochlear aperture; GA, gestational age.

obtained on the day of pregnancy termination (27). Finally,
in this study, the 3.0 Tesla MRI system was used to measure
fetal specimens in the second and third trimesters of
pregnancy at approximately 26 °C. Intrauterine fetal MRI is
usually performed after 25 weeks of gestation, following the
completion of fetal inner ear development. By incorporating
these various measures to minimize differences between
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the specimens and the living fetuses, we aimed to ensure
the accuracy and reliability of the findings of this study. We
anticipated that the 3D T2-SPACE sequence used for inner
ear imaging in this study would capture fine anatomical
details.

Several reasons have been proposed as to why the
cochlear nerve is not clearly visible on MRI (2), including
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Table 2 MRI measurements of each structure

Cochlear nerve-related structures Measured parameters Average value, mean + SD ICC value
Vestibulocochlear nerve Diameter in the CPA (mm) 1.00£0.14 0.89
Facial nerve Diameter in the CPA (mm) 0.70+0.13 0.88

Vestibulocochlear nerve: facial nerve Ratio of the diameter 1.46+0.13 -

IAC Diameter in the axial plane (mm) 3.64+0.57 0.94
Length in the axial plane (mm) 3.55+1.22 0.93
Diameter in the coronal plane (mm) 4.07+0.52 0.89
Length in the coronal plane (mm) 4.12+1.11 0.91
CA Diameter (mm) 1.90+0.17 0.73

MRI, magnetic resonance imaging; SD, standard deviation; ICC, inter-class correlation coefficient; CPA, cerebellopontine angle; IAC,

internal auditory canal; CA, cochlear aperture.

Table 3 MRI measurement results of each structure for the different sides

Cochlear nerve-related structures Measured parameters Left, mean + SD Right, mean = SD P
Vestibulocochlear nerve Diameter in the CPA (mm) 0.99+0.13 1.00+£0.14 0.47
Facial nerve Diameter in the CPA (mm) 0.69+0.15 0.71+0.13 0.35

Vestibulocochlear nerve: facial nerve Ratio of the diameter 1.46+0.13 1.47+0.14 -
IAC Diameter in the axial plane (mm) 3.66+0.61 3.63+0.54 0.2
Length in the axial plane (mm) 3.54+1.23 3.55+1.22 0.9

Diameter in the coronal plane (mm) 4.10+0.51 4.05+0.52 0.1
Length in the coronal plane (mm) 4.14+1.11 4.10+1.1 0.21
CA Diameter (mm) 1.91+0.16 1.89+0.19 0.38

MRI, magnetic resonance imaging; SD, standard deviation; CPA, cerebellopontine angle; IAC, internal auditory canal; CA, cochlear

aperture.

motion artifacts and the obstruction of the nerves by nearby
blood vessels and cerebellum structures owing to the partial
volume effect. Cochlear nerve dysplasia with IAC or CA
stenosis is difficult to detect. Finally, the cochlear nerve
may be misaligned with the TAC wall, not separate from the
vestibular nerve, or may travel outside the inner auditory
canal. Nevertheless, even when cochlear nerve fibers are
not visible on MRI, some patients can still benefit from
a cochlear implant (28,29). This implies that factors such
as the presence of cochlear nerve fibers, the width of the
TAC, and the ratio of the diameter of the facial nerve to
the vestibulocochlear nerve at the CPA may be associated
with long-term hearing thresholds after surgery (29).
Moreover, in intrauterine and specimen fetal MRI, the
limited resolution can be overcome by indirectly evaluating
cochlear nerve development through the imaging of related
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structures.

The facial nerve and vestibulocochlear nerve exit
and enter the CPA anteriorly and posteriorly from the
medullary pontine sulcus, respectively, with the facial
nerve located anteriorly, and the vestibulocochlear nerve
situated posteriorly. Vestibulocochlear nerves are generally
1.5 to 2 times the diameter of facial nerves (30). At the
central level of the IAC, the vestibulocochlear nerve is
divided into the vestibular and cochlear nerves (2); thus,
the vestibulocochlear nerve diameter can be used as a proxy
measure for cochlear nerve development (14). When the
diameter of the cochlear nerve is smaller than that of the
facial nerve, the specificity of diagnosing cochlear nerve
deficiency is higher. Many researchers have measured the
facial, cochlear, superior vestibular, and inferior vestibular
nerves (31-34) in the IAC. In one study, at the point nearest
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to the fundus of the IAC where the margin of the cochlear
nerve and facial nerve could be identified, the mean long
and short diameters of the cochlear nerve were 1.35+0.16
and 0.99x0.18 mm, respectively, while the mean values of
the facial nerve were 1.18+0.17 and 0.87+0.16 mm (31).
Another study reported that at the IAC fundus, the
diameters were 1.00+0.03 mm (facial nerve), 1.03+0.04 mm
(cochlear nerve), 0.98:0.04 mm (superior vestibular
nerve), and 0.71+0.03 mm (inferior vestibular nerve) (32).
Additionally, another study reported that in the middle
of the TAC, the vertical and horizontal diameters of the
cochlear nerve in normal hearing ears were 1.10+0.21 and
1.11+0.20 mm, respectively, while the facial nerve diameters
were 0.95+0.21 and 1.03+0.22 mm, respectively (33).
A study of normal hearing children reported that the
mean diameters of the cochlear nerve at the midpoint of
the TAC, TAC fundus, and CA were 1.12+0.08, 1.05+0.06,
and 0.87+0.14 mm, respectively (34). In the present study,
we measured the diameters in the parasagittal images
perpendicular to the nerves in the CPA, but no significant
differences were found between the right and left sides. The
diameter of the vestibulocochlear nerve was 1.00+0.14 mm
and that of the facial nerve was 0.70£0.13 mm in the CPA.
Due to factors such as the measurement location, race,
scanning sequence, measuring method, and selection of
research techniques, our findings are slightly lower than
those previously reported. Nevertheless, our results suggest
that nerves in the CPA may continue to grow after birth,
which merits further investigation. We also found that
the ratio of the diameter of the vestibulocochlear nerve to
that of the facial nerve in the CPA was 1.47+0.10, which is
consistent with previously reported values (30). Moreover,
the size of the ratio was significantly correlated with the
effectiveness of the cochlear implants (29,35).

The classical embryological theory (36) states that
before the formation of the IAC (before 24 weeks of
gestation), hypoplasia of the cochlear nerve leads to the
inadequate inhibition of IAC ossification, resulting in
stenosis of the TAC. After IAC formation (after 24 weeks of
gestation), neurotrophin is required for the development
of the cochlear nerve. Neurotrophin deficiency can cause
nerve degeneration but will not affect the size of the IAC.
Consequently, the IAC remains normal despite cochlear
nerve hypoplasia (37). Stenosis is associated with IAC and
dysplasia of the cochlear nerve (16,17,37). Further, it has
been suggested that the diameter of the IAC indirectly
reflects the development of the cochlear nerve. In the
present study, the gestational period ranged from 25 to
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40 weeks. At this stage, IAC ossification has been completed
and the IAC can be clearly visualized. An evaluation of IAC
development can be achieved by measuring the diameters
and lengths of the IAC in both the axial and coronal planes,
respectively. We observed various types of IAC morphology,
including parallel, flared, and ampulla tubes. The IAC
fundus is divided into two parts containing slim nerves at
the CA level, one part leading to the cochlea and the other
to the vestibule. In addition, the IAC varied greatly in
length (1.9-7.1 mm) and increased linearly with GA. IAC
length in normal adults is approximately 9.9 mm (8-13 mm)
with an anteroposterior diameter of 5.9 mm (4-8 mm) (38),
which suggests that the IAC continues to grow from
the middle and late stages of pregnancy to the onset of
labor (12). The diameter of the IAC at the porus acusticus
internus was reported to be approximately 5.5+1.1 mm (17),
while the anteroposterior and craniocaudal diameters in
the middle of the IAC on axial and coronal sections were
reported to be approximately 5.93+0.25 and 5.70+0.26 mm,
respectively (39). In the present study, the vertical and
transverse diameters of the IAC were 3.64+0.57 and
4.07£0.52 mm, respectively, and no significant differences
were observed between the sides. The measured values
reported in this study are smaller than those reported in
previous studies (17,38,39). This discrepancy might be due
to the growth of the TAC after the completion of ossification
at 24 weeks of gestation (12), or to the highly variable shape
of the TIAC, which results in inconsistent measurement
levels and locations.

The CA refers to the bony canal between the bottom of
the JAC and the base of the modiolus where the cochlear
nerve is located. Its diameter has previously been measured
in normal individuals. For example, Henderson et 4/. (40)
evaluated histopathologic axial sections from normal human
temporal bones and found that the mean CA diameter was
2.2620.25 mm. They also found no significant differences
between the participants in terms of age and sex. Stjernholm
et al. (41) examined the diameter of the CA in normal adults
using computed tomography (CT) examinations and reported
that it was approximately 1.91 mm. The CA is primarily
measured by CT; however, this involves ionizing radiation,
which limits its application to fetuses. Alternatively, the
fetal CA can be clearly defined using MRI. In general, our
findings are consistent with previous research findings that
indicate the width of the CA is approximately 1.90+0.17
mm and does not differ significantly between the two sides.
However, our results were lower than those reported in a
histological study (40), which may be related to differences

Quant Imaging Med Surg 2024;14(9):6325-6336 | https://dx.doi.org/10.21037/qims-24-626



6334 Zhao et al. Fetal cochlear nerve-related structure development on MRI

in the measurement methods. The mechanism of CA
dysplasia and cochlear nerve dysplasia remains unclear;
however, it has been speculated that it may be similar to
IAC stenosis. Several studies have shown that the diameter
of the CA can be used to accurately predict the development
of the cochlear nerve (17-19) and is more sensitive than the
diameter of the IAC.

To the best of our knowledge, this study is the first to
establish a reference range from an imaging perspective.
Additionally, the appearance time and change rule of
some structures, as determined by imaging methods, are
inconsistent with classical embryology. For example, this
may occur when a partial cranial sulcus appears in a fetus
(42,43). Therefore, the use of precise data in this study
further validated the classical embryological theory. In
addition, this study did not group the subjects based on
GA and sex, nor did it compare a postnatal population with
a prenatal population. This is mainly because the bony
labyrinth of the inner ear is fully developed during the
second and third trimesters of pregnancy, and thus age does
not alter the main relevant diameters (12). Additionally, the
limited number of specimens and uneven distribution of
the male and female fetuses might have contributed to this
finding. No significant sex differences in these structures
have been reported among fetuses and infants.

With the high-resolution 3D T2-SPACE sequence, it is
possible to clearly illustrate the anatomical structure of the
inner ear, measure the relevant diameters of the cochlear
nerve, and then outline the normal range of fetal inner ear
development in the second and third trimester. Our findings
provide a framework for evaluating the development of the
cochlear nerve clinically.

Conclusions

Normative measurements of structures related to cochlear
nerve development in fetuses can provide relevant
information for the evaluation of cochlear nerve development
itself. These data can then be applied to guide clinical
evaluations regarding the development of the cochlear nerve.
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