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ABSTRACT

Purpose of the study: This study was to establish a three-dimensional (3D) coordinate system and to
study the normal dimensions of intra-orbital structures in Chinese adults.

Materials and methods: One hundred and forty-five adult Chinese were selected from patients who
had undergone cranio-facial computed tomography scans with diagnosis other than orbital or ocular
abnormality. An orbital 3D coordinate system was built on the basis of the scans. Morphological
variables of intra-orbital structures were measured in this coordinate system. Bilateral symmetry, sexual
dimorphism, and correlations between variables were investigated.

Results: No evident laterality was found in bilateral intra-orbital structures. The distance from the center of
the eyeball to the prechiasmatic groove, the length of the optic nerve, and the thickness of rectus
extraocular muscles were larger in males than in females. No sex-related difference was observed in the
anteroposterior diameter of the eyeball or the exophthalmometric value. The exophthalmometric value
was found to be related to the anteroposterior diameter of the eyeball, whereas the y-coordinate of the
center of the eyeball had no correlation with the anteroposterior diameter of the eyeball. The optic nerve
length was closely correlated to the distance from the center of the eyeball to the prechiasmatic groove.
Conclusions: The 3D coordinate system and measurement method established in this study can be
applied to the standardization of orbital morphometry. The measurements obtained from normal
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Chinese adults may provide reference values for the morphology of intra-orbital structures.

Introduction

The presence of morphological change in orbit is considered
an evocative sign and sometimes the only sign of orbital
diseases, such as enophthalmos for orbital fracture and
exophthalmos for intra-orbital tumor and thyroid eye
disease.'™ With respect to orbital surgery, intra-orbital struc-
ture measurement is key factor for surgical planning and post-
operative evaluation.*™®

Cranio-facial computed tomography (CT) scans are
common method of assessing the bony orbits and intra-
orbital soft-tissue structures. Horizontal planes of the scan
should be set parallel to Frankfort horizontal plane.” The
sagittal planes and coronal planes are reconstructed on the
basis of the horizontal planes. However, in clinical practice,
the scanning planes are not strictly adjusted according to
the anatomical landmarks, so the reconstructed midsagittal
plane cannot readily serve as the mirror plane of the head.
In this way, the bilateral symmetry of orbits and intra-
orbital structures cannot be evaluated directly on the scan
image. Moreover, as the scanning planes may deviate from
time to time, it is difficult to ascertain the exact displace-
ment and morphological change of certain structures from
two scans.

Currently, the diagnosis, evaluation, and planning of treat-
ment of orbital diseases need more accurate medical imaging.
The rough observations that can be made using original CT
scans are not adequate for clinical applications such as in
surgical navigation system and in quantified imaging evalua-
tion. The aim of this study was to establish a three-dimensional
(3D) coordinate system for orbital region and to study the
normal measurements of intra-orbital structures in Chinese
adults. The measurement method and data from this study
may serve as the bases for subsequent studies on orbitopathy.

Materials and methods
Subjects

Subjects were selected from the adult patients (=18 years old)
who had undergone thin-slice cranio-facial CT scans with
extension through the orbital region at Shanghai Ninth
People’s Hospital from 1st January 2016 to 1st January 2018
with electronic medical records indicating diagnoses other
than orbital or ocular abnormality. The Medical Ethics
Committee of Shanghai Ninth People’s Hospital did not
require informed consent for this retrospective study. The
research adhered to the tenets of the Declaration of Helsinki.
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CT data acquisition

Cranio-facial CT scans of these subjects were collected from
the hospital’s CT database. Scans were obtained on a 64-row
multi-slice CT (PHILIPS Brilliance) using high-resolution
contiguous sections in an axial plane with the following pro-
tocol: slice thickness, 1.00 mm; field of view, 25 x 25 cm;
matrix, 512 x 512. All scan images used in the following
reconstruction and analysis were in DICOM format.

Establishment of coordinate system and measurements
of morphological variables

Image analysis was processed with SIMMED software (Shanghai
Jiao Tong University, China). A 3D image of the skull was
reconstructed on the basis of original CT scan. A 3D coordinate
system was to be established for the skull. First, Frankfort plane
was established by manually identifying the bony landmarks
(right porion, left porion, and left orbitale) on the 3D skull.
The horizontal planes were set parallel to the Frankfort plane.
Midsagittal reference plane was set perpendicular to horizontal
planes and passing through facial midline landmarks (nasion
and prechiasmatic groove). The prechiasmatic groove is a bony
midline landmark very close to optic chiasm, so it was set as the
origin of the 3D coordinate system and also the endpoint of optic
nerve (Figure 1). The Coronal planes and the coordinate axes
were then automatically reformatted since the horizontal planes,

Nasion (Na)

Left orbitale (OrL)

Left porion (PoL)

the sagittal planes, and the origin were fixed. The definitions of
the anatomical landmarks, reference planes, coordinate axes,
and morphological variables mentioned in this study are listed
in Table 1. Each point in this 3D coordinate system had its
x-axis, y-axis, and z-axis coordinates. All morphological vari-
ables were measured using software measuring tools (Figure 2).

Assessments of reproducibility

During the establishment of the coordinate system and the
process of measurement, the bony landmarks and morpholo-
gical variables were identified manually, so the reproducibility
of this method needs to be assessed. In this study, 10 right
orbits from 10 subjects were randomly selected for the assess-
ment. For intraobserver variability, one observer, observer A,
measured all the variables of these 10 orbits twice on different
days. For interobserver variability, another observer, observer
B, performed the same measurements independently on the
same 10 orbits.

Statistical analysis

The statistical analysis was performed with Microsoft Office
EXCEL 2007 (Microsoft, US) and SPSS 17.0 (SPSS, Chicago, IL,
US). The measured values were presented as mean = SD. To
assess reproducibility, the reliability analyses were performed

Figure 1. Anatomical landmarks, reference planes, and three-dimensional (3D) coordinate system.

A. Anatomical landmarks and coordinate axes on reconstructed 3D skull: nasion (Na), left orbitale (OrL), left porion (Pol), x-axis, y-axis, and z-axis.
B. Prechiasmatic groove (P, the origin of the 3D coordinate system), x-axis, and y-axis on horizontal reference plane (HRP).

C. P, x-axis, and z-axis on coronal reference plane (CRP).
D. P, y-axis, and z-axis on midsagittal reference plane (MRP).
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Table 1. Definitions of anatomical landmarks, reference planes, 3D coordinate system, and morphological variables in this study.

Anatomical
landmarks

Reference planes

3D coordinate
system

Morphological
variables

Right porion (PoR)

Left porion (PoL)

Left orbitale (OrL)

Nasion (Na)

Prechiasmatic groove (P)
Frankfort horizontal plane
Horizontal reference plane (HRP)
Midsagittal reference plane (MRP)
Coronal reference plane (CRP)
Origin

x-axis (horizontal axis)

y-axis (anteroposterior axis)
z-axis (vertical axis)
Anteroposterior diameter of the
eyeball

Coordinates of the center of the
eyeball

Exophthalmometric value

Thickness of internal or external
rectus

Thickness of superior or inferior
rectus

Optic nerve length

Highest midpoint of roof of right external auditory meatus

Highest midpoint of roof of left external auditory meatus

Lowest point on left infraorbital margin of the orbit

Most posterior point on curvature between frontal bone and nasal bone

Vertical and transverse midpoint of prechiasmatic groove, set as the origin of the 3D coordinate system
Passing through PoR, PolL, and OrL

Parallel to Frankfort horizontal plane, passing through P

The left-right mirror plane of the head, perpendicular to HRP and passing through Na and P

Plane perpendicular to HRP and MRP, passing through P

Prechiasmatic groove (P)

Intersecting line of HRP and CRP, from right to left when the head was in upright position
Intersecting line of HRP and MRP, from posterior to anterior and perpendicular to x-axis
Intersecting line of MRP and CRP, from bottom to top and perpendicular to x-axis and y-axis
Anteroposterior coordinate value difference between the anterior and posterior pole of the eyeball

Coordinates of the midpoint between the anterior and posterior pole of the eyeball

Anteroposterior coordinate value difference between the anterior pole of the eyeball and the lateral
orbital rim

Largest horizontal diameter of the muscle in all coronal planes

Largest vertical diameter of the muscle in all coronal planes

Length of the curve along the optic nerve from its junction with eyeball to the optic chiasm (taking P as
the endpoint)

Anterior pole of the eyeball

Center of the eyeball

Anteroposterior diameter

~ Posterior pole of the eyeball

of the eyeball

Thickness of the superior rectus

‘ Thickness of the internal rectus

Thickness of the external rectus

Thickness of the inferior rectus

Lateral orbital rim

Junction with the eyeball

Line segments of the optic nerve

Inflection point

Figure 2. Measurements of morphological variables.

A. Locations of the landmarks on horizontal plane. The red line segment indicates the anteroposterior diameter of the eyeball. The exophthalmometric value is the
anteroposterior coordinate value difference between the anterior pole of the eyeball and the lateral orbital rim on the same horizontal plane.

B. Thickness of rectus extraocular muscles (the largest horizontal diameter of the internal and external rectus muscles, the largest vertical diameter of the superior
and inferior rectus muscles on coronal planes). Notably, the four muscles may be measured on different coronal planes.

C and D. The total length of the curved optic nerve was measured from its junction with eyeball to the optic chiasm (taking prechiasmatic groove as the endpoint) by
adding up the lengths of the line segments between the inflection points drawn along the nerve which may pass through two or more neighboring horizontal planes.

and the intra-class correlation coefficients (ICCs) were calcu-
lated for all variables to determine the intra- and interobserver
variability. The ICC was considered adequate if it was greater

Inflection point
Line segments of the optic nerve
Prechiasmatic groove (P)

than 0.75. The corresponding variables of bilateral orbits in the
same subjects were compared using a paired samples #-test.
Absolute x-axis coordinate value (| x-coordinate |) was used
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to compare values between contralateral eyes directly.
Comparisons between males and females were performed
using an independent samples t-test. For correlation analysis
between variables, a correlation coefficient over 0.5 indicated a
strong correlation, and a coefficient less than 0.3 indicated a
weak correlation. Regression formulas were fitted for those who
had strong correlation. For all statistical analyses, a P-value less
than 0.05 was considered statistically significant.

Results

A total of 290 orbits from 145 adult Chinese (75 men, 70
women), were included in this study. They ranged in age from
18 to 79 years with a median age of 51.

Repeated measurements of the variables by the same observer
to test the intraobserver variability revealed the ICCs for all vari-
ables ranging from 0.961 to 0.985 (P < 0.001). Measurements by
two observers to assess the interobserver variability revealed ICCs
ranging from 0.926 to 0.971 (P < 0.001).

The measured values of bilateral variables are listed in
Table 2. The variables showed no statistically significant dif-
ference between left and right sides (P > 0.05).

The variables for males and females are summarized in
Table 3. The distance from the center of the eyeball to the
prechiasmatic groove, the length of the optic nerve, and the
thickness of rectus extraocular muscles presented signifi-
cantly larger values in male than in female participants
(P < 0.05). Anteroposterior diameter of the eyeball and

Table 2. Comparison of measured values of bilateral variables (n = 145).

exophthalmometric value presented no significant difference
between sexes (P = 0.487 and 0.439).

The optic nerve length was strongly correlated with the
distance from the center of the eyeball to the prechiasmatic
groove (P < 0.001, r = 0.878); a regression formula was there-
fore fitted (Table 4). The exophthalmometric value was cor-
related with the anteroposterior diameter of the eyeball
(P < 0.001, r = 0.321), whereas the y-coordinate of the center
of the eyeball had no correlation with the anteroposterior
diameter of the eyeball (P = 0.144, r = 0.086).

Discussion

Morphology is an important concern in the diagnosis and
evaluation of orbital diseases. The shape and size of bony
orbits have been studied thoroughly because bony structures
are easy to measure on preserved skulls and on radiologic
images.*”'’ However, intra-orbital structures rather than bony
orbits are the most affected subjects in orbital diseases.
Although many imaging techniques like echography, CT,
and magnetic resonance imaging (MRI) scan are used in
clinical practice to display intra-orbital structures, the mea-
surements produced by different measurement methods differ
from each other considerably and cannot be compared.''"*?
3D coordinate system is a standardized method of studying
human anatomical morphology and has been used in cranial
surgery to locate intra-cranial structures for more than
30 years.'*'> However, there is no standardized 3D coordinate
system for orbits. So we set a 3D coordinate system specifically

Right (Mean + SD) Left (Mean = SD) R-L (Mean + SD) t P*
Coordinates of the center of the eyeball (mm) | x-coordinate | 30.95 + 1.70 31.05 £ 1.73 —0.10 + 0.96 -1.301 0.195
y-coordinate 46.98 + 3.34 47.04 £+ 3.45 —0.06 £ 0.96 —0.800 0.425
z-coordinate —1.55 + 1.98 -1.62 + 1.99 0.07 + 0.90 0.880 0.380
\/m** 56.34 + 3.21 56.46 + 3.35 -0.12 £ 0.95 —1.467 0.144
Anteroposterior diameter of the eyeball (mm) 25.00 + 1.86 2491 + 1.79 0.09 + 0.78 1.386 0.168
Exophthalmometric value (mm) 16.24 + 2.75 16.02 + 2.78 0.22 £ 1.70 1.562 0.120
Thickness of rectus extraocular muscles (mm) Superior rectus 3.22 + 0.63 3.22 + 0.61 0.01 + 0.28 0.259 0.796
Inferior rectus 435 + 0.85 437 + 081 —-0.02 + 0.66 —-0.383 0.702
Internal rectus 335+ 059 337 £ 0.63 -0.01 £ 0.35 -0.412 0.681
External rectus 4.38 £+ 0.96 4.28 + 1.02 0.09 + 0.66 1.713 0.089
Optic nerve length (mm) 47.59 £ 3.69 47.36 £ 3.65 0.22 £ 1.61 1.675 0.096

*In a paired samples t-test, a P-value >0.05 indicates that the values of both sides were not significantly different.
**\/x? + y? + 72 indicates the distance from the center of the eyeball to the prechiasmatic groove (the origin of the coordinate system).

Table 3. Comparison of measured values between males and females.

Male (75 subjects,

Female (70 subjects,

150 orbits) 140 orbits) M-F difference Independent samples t-test for
Mean + SD Mean + SD Mean + SE sex difference*
Coordinates of the center of the | x-coordinate | 31.61 £ 1.67 30.34 £ 1.50 1.27 £ 0.19 t = 6.765, P < 0.001
eyeball (mm) y-coordinate 48.22 + 3.27 4571 £ 3.03 2.51 £ 037 t =6.774, P < 0.001
z-coordinate —-222 + 215 —0.90 = 1.53 -1.31 £ 0.22 t = —6.028, P < 0.001
\/m** 57.77 + 3.07 5492 + 2.83 2.85 + 0.35 t = 8.203, P < 0.001
Anteroposterior diameter of the 25.03 + 1.33 24.88 + 2.24 0.15 £ 0.22 t = 0.696, P = 0.487
eyeball (mm)
Exophthalmometric value (mm) 16.25 + 2.58 16.00 + 2.96 0.25 + 033 t =0.776, P = 0.439
Thickness of rectus extraocular ~ Superior rectus 332 + 0.61 3.11 + 0.61 0.20 + 0.07 t =2.832, P =0.005
muscles (mm) Inferior rectus 4.53 = 0.85 4.17 £0.76 0.36 + 0.09 t = 3.826, P < 0.001
Internal rectus 3.46 = 0.62 3.25 £ 0.59 0.22 + 0.07 t =3.042, P = 0.003
External rectus 447 £ 1.05 4.18 + 0.89 0.30 + 0.11 t=2.612, P = 0.009
Optic nerve length (mm) 48.86 + 3.49 4599 + 3.25 2.87 + 0.40 t =7.220, P < 0.001

*In an independent samples t-test, a P-value <0.05 indicates that the values for male and female were significantly different.
**\/x%* +y? + 22 indicates the distance from the center of the eyeball to the prechiasmatic groove (the origin of the coordinate system).



Table 4. Correlation between morphological variables.

Dependent variable Regression
Independent variable (x) (%) pP* r formula**
Distance from the center Optic nerve length  <0.001 0.878 y = 0.983x
of the eyeball to the —7.988
prechiasmatic groove
Anteroposterior diameter Exophthalmometric  <0.001 0.321
of the eyeball value
Anteroposterior diameter y-coordinate of the  0.144 0.086

center of the
eyeball

of the eyeball

*In correlation analysis, a P-value <0.05 indicates that the correlation between
these two variables was significant.
**Regression formula is fitted for those who had strong correlation (r > 0.5).

for orbital region to investigate the morphology and localiza-
tion of intra-orbital structures.

The establishment of the coordinate system and the mea-
surement procedure were semi-automatic in this study. The
bony landmarks and morphological variables were identified
manually. Then, the reference planes and coordinate axes can
be adjusted automatically according to the bony landmarks
and the variables would be measured using software tools.
This method demonstrated adequate reproducibility, which
suggests that it is appropriate for comparing the measure-
ments made using the same criteria.

According to the literature and our previous studies, bony
orbits remain stable after the age 18 and normally present left-
right symmetry in shape and size.'"*™'® In this study, the
positions of eyeballs were generally symmetrical, and the
variables of optic nerve and rectus extraocular muscles were
similar between left and right sides. Our findings confirmed
that intra-orbital soft tissues also follow the rule of bilateral
symmetry. Besides, the results of our study also listed the
standard deviation of the bilateral differences for each vari-
able, which may provide a normal reference range of bilateral
differences for each variable within the general rule of
symmetry.

The bony orbits are larger in males than in females accord-
ing to the results of previous studies.'®'*** We here observed
the differences between sexes existing also in the position of
the eyeball, the length of the optic nerve, and the thickness of
rectus extraocular muscles but not in the anteroposterior
diameter of the eyeball and exophthalmometric value. The
exophthalmometric values in this study were similar to those
of previous reports,”' > but the values of anteroposterior
diameter of the eyeball were larger than the values of ocular
axial length in the literature.*”*® Anteroposterior diameter of
the eyeball and ocular axial length are similar variables that
represent the size of the eyeball, but the anteroposterior dia-
meter of the eyeball was measured in reconstructed CT
images strictly along the anteroposterior axis, regardless of
the direction of gaze, so the results may differ from those of
ocular axial length measured using optical biometry.

The exophthalmometric value is the most widely used vari-
able to represent the relative position of the eyeball. However, it
is a variable only on anteroposterior axis, and unable to reflect
the eyeball location on the horizontal or vertical axes.
Moreover, according to the literature and the results of this
study, the exophthalmometric value was found to be influenced
by eyeball size to a considerable extent.*"** Thus, we prefer to
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use the coordinates of the center of the eyeball to represent the
position of the eyeball. Coordinates of the center of the eyeball
were not influenced by the anteroposterior diameter of the
eyeball or the direction of gaze. Eyeball displacement would
be described in accurate coordinate change rather than roughly
as enophthalmos or exophthalmos.

Extraocular muscles are important intra-orbital structures
concerning strabismus and orbitopathies especially the thyr-
oid eye disease, of which the extraocular muscle involvement
is a main diagnostic criterion and a key factor for severity
assessment.””° Echography, CT, and MRI scans are all used
in clinical practice to display extraocular muscle. However,
the measurements deviate considerably using different mea-
surement methods and on different measuring planes. And
no single plane is ideal for measuring the anatomical thick-
ness of all extraocular muscles.”’>* In this study, we took
the coronal planes as the standardized planes to measure the
four rectus extraocular muscles. Notably, the muscle thick-
ness measured in the coronal plane is not the same as the
anatomical thickness of the muscle because the coronal plane
is not perpendicular to the longitudinal axis of any muscle.
However, this method of measurement is highly reproducible
and the measurements can be compared if made using the
same criteria. The normal measurement values provided in
this study may help indicate the deformation of extraocular
muscle sensitively.

The optic nerve extends from the optic disc to the optic
chiasm, traversing the intraocular, intra-orbital, intracanalicu-
lar, and intracranial regions.>**> Orbital diseases such as
trauma and intra-orbital space-occupying lesions may all affect
the optic nerve. In addition to direct compression and severing,
stretching can also cause optic neuropathy, and the elongation
of the optic nerve can be viewed under imaging.’**’” In this
way, the measurements of the optic nerve may have special
importance in these cases. However, according to previous
studies and clinical observations, even normal optic nerves
may vary considerably in length among individuals.*>*® The
results of this study confirmed this variation and attributed it to
individual variation in eyeball position because the optic nerve
length was found to be closely correlated with the coordinate
position of the eyeball. In other words, the location of the
eyeball strongly affected the optic nerve length. The regression
formulae worked out in this study can thus facilitate the esti-
mation of the length of the curved optic nerve by providing the
location of the eyeball. This method of estimation may help
further studies on neuropathy regarding elongation of optic
nerve or the studies on the extent of neuroplasticity when
subjected to eyeball displacement and stretching.

The limitations of this study are inherent to the study
design and measurement method. As the subjects were lim-
ited to normal Chinese adults, the growth of orbit during
childhood and the aging of orbit in senile people were not
taken into consideration in this study. The original CT scans
were retrospectively collected from the database, so some
factors such as the direction of gaze and refractive status
were not controlled. However, we used the coordinates of
the center of the eyeball instead of the exophthalmometric
value to represent the position of the eyeball to avoid the
influence of the gaze direction. The coordinates of the center
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of the eyeball were also here confirmed to be unaffected by the
anteroposterior diameter of the eyeball which is related to the
refractive status. The establishment of the coordinate system
and the measurement procedure included some manual steps
which may cause errors in measurement. However, there is
currently no fully automatic orbital morphometric method,
and the intraobserver and interobserver variability reported
here showed satisfactory results. Intersessional repeatability
was not assessed in this study as two scans of the same subject
were not available in this retrospective data collection. We
intend to assess the intersessional repeatability in subsequent
long-term studies of orbital disease using the same method.

Conclusions

The present study established a 3D coordinate system and mea-
surement method which can be applied to the standardization of
orbital morphometry. Bilateral symmetry, sexual dimorphism,
and correlations between variables of intra-orbital structures
were confirmed by using this method. The measurements
obtained from normal Chinese adults may provide reference
values for the morphology of intra-orbital structures.
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