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1 | INTRODUCTION
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Abstract

The complex anatomy of the orbit generates a complex orbital shape that can only
be quantified approximatively by classic linear measurements such as maximum
width and height. There is no global three-dimensional quantification of variations in
orbital shape. The purpose of this study was to develop a method to quantify a global
three-dimensional orbital shape variation in a healthy population and to test a series
of explanatory factors. We investigated the hypotheses that orbital shape is related
to gender(H1), orbital size(H2) and/or age(H3). Medical computed tomography(CT)
images of 60 adult individuals were studied. The study sample consisted of 30 males
and 30 females with a mean age of 25.1 years. Four anatomical landmarks and
140 semi-landmarks were measured on both positive and negative 3D reconstructed
orbits and analyzed with geometric morphometrics. A principal component
analysis(PCA) was computed to define a morphological space. Shape variation was
visualized using vector distance maps and diagrams. The greatest variation was seen
in the length of the superior orbital fissure. There was a gradient in terms of orbital
shape ranging from short, wide orbits to tall, narrow orbits. The analysis did not high-
light any significant age-, gender- or size-related impact in terms of orbital shape vari-
ation. Future avenues to explore include the study of other potential explanatory
factors such as the different embryological origins of the orbital bones, the passage
of vessels and nerves, and ethnic origins. This method can also be applied to the

study of pathological orbits.
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comprehensive and facilitate inter-population comparisons as well as
the study of facial growth and aging (Buziashvili et al., 2019; Farkas

It is challenging to study orbital shape because of its complex anat-
omy. However, it is pivotal for surgeons to quantify orbital shape as
accurately as possible prior to access or repair (Farkas et al., 1972,
1989; Farkas & Deutsch, 1996). Quantification of morphological varia-
tion benefits from the advantages of imaging techniques. Computed
tomography (CT) and, more recently, cone beam (CB) are now widely
orbital measurements  are

used in measurements. These

et al., 2005; Paskhover et al., 2017; Weaver et al., 2010). The most
common measurements of the orbit are height, width, depth, inter-
orbital distance (Weaver et al., 2010) and orbital volume (Andrades
et al., 2018; Kwon et al., 2010).

Classic morphometric studies highlight considerable variation in
these measurements, which can be explained by intra- and inter-
population variability (Feng et al., 2020; Kim et al., 2020; Moon
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et al, 2020; Pessa et al., 1999). However, variation can also be
explained to a significant extent by methodological differences in orbit
measurements (Sentucq et al., 2020). Although the orbit is studied
from a three-dimensional perspective, the vast majority of measure-
ments are recorded in two dimensions, which does not facilitate com-
prehensive investigation of orbital conformation. Furthermore,
despite extensive studies conducted with CT data, definition of the
anterior limit of the orbit nevertheless remains challenging. (Osaki
et al., 2013).

The accurate and reliable quantification of global orbital shape
variation poses another challenge. Indeed, the orbit has a complex
shape and a large number of linear measurements in the three spatial
planes are required to properly quantify its morphological variation.
Classic morphometry does not appear commensurate with an accu-
rate, reliable, comprehensive and global quantification of 3D orbital
shape variation. It is therefore critical to explore alternative methods
and to investigate explanatory factors.

The purpose of this study was to develop a method using geo-
metric morphometrics (Rohlf & Slice, 1990) to quantify 3D orbital
shape variation and to test a series of explanatory factors. We investi-
gated the hypotheses that orbital shape is related to gender (H1), orbit
size (H2) and/or age (H3). We endeavored to locate and measure the
extent of this variation over the entire orbital surface. This method
was applied to a sample of the general population in order to study
the characteristics of a healthy orbit.

2 | PATIENTS AND METHODS

21 | Study population

The patients enrolled in the study underwent scans in the Emergency
Department of Toulouse Purpan University Hospital between April
2016 and April 2018. DICOM (Digital Imaging and Communications in
Medicine) files were obtained from CT scans. These scans were per-
formed due to suspected facial fractures or facial cellulitis. The num-
ber of subjects required to demonstrate sexual dimorphism could not
be calculated a priori. We analyzed a population of 60 healthy patients
divided into two groups of 30 patients according to gender.

To be enrolled in the study, patients had to be between 18 and
30 years of age and have had a CT scan of the facial mass with or
without contrast medium (GE Medical System scanner, Optima
CT660 model). This age limit was set to restrict measurement bias due
to age-related changes in orbital shape (Ahmadi et al., 2007).

Patients with a history of craniofacial malformation, injury or
tumor, or whose CT scan revealed craniofacial injury or tumor were
excluded from the study.

The anonymised images were then exported in DICOM format in
slices 0.6 mm thick.

Only the right orbit was analyzed for each patient as studies
based on bilateral measurements of orbital dimensions and volume

did not highlight any significant differences between the two orbits

| ANATOMY

(Andrades et al., 2018; Ji et al., 2010). The local Institutional Review
Board approved this study.

2.2 | Definition of landmarks

A three-dimensional mesh (stl) representing the orbital content,
i.e. the negative volume of the bony orbit, was used to study varia-
tions in orbital conformation [Stratovan Maxillo™ software (Strong
etal., 2013)].

Geometric morphometry (GM) is based on the acquisition,
processing and analysis of landmarks measured on objects, the
morphological variation of which is to be quantified, regardless
of variation related to position, orientation and scale (Rohlf &
Slice, 1990). GM therefore characterizes the shape of the object
by the set of landmark coordinates on the surface of the object
(Strong et al., 2013).

Landmarks can be categorized in several ways but are broadly
subdivided into “anatomical” landmarks and semi-landmarks
(Bookstein, 1997). Anatomical landmarks (LM) are discrete anatomical
loci that are biologically homologous. A semi-landmark (SL) refers to
any point on a geometric element defined by its position on that ele-
ment. Furthermore, Weber and Bookstein (Weber, 2015) defined
three types of SL: SL on curves; SL on surfaces and constructed SL
(i.e. at the beginning and end of a curve).

We have defined a set of four LMs and 140 SLs measured on

each individual in our sample.

2.2.1 | Definition of the anatomical landmarks

For the orbital cone study, we defined four LMs: the anterior border
of the superior orbital fissure, the anterior border of the inferior
orbital fissure, the outer border of the lacrimal fossa and the inferior
border of the optic canal (Figure 1).

The selection of LMs used in the present study was guided by
earlier work (Khonsari et al, 2016; Rontal et al, 1979; Sarkar
et al, 2021). The repeatability (i.e. intra-observer error test) of the
measurements was assessed with the intraclass correlation coefficient
(ICC, two-way mixed-effects model, perfect agreement)
(Rosner, 2010) (Rosner, 2010). Ten right orbits were used to assess
the repeatability of the measurements. One observer (AP) measured
the landmarks on these 10 orbits three times on different days. The
ICC ranged from 0.931 to 0.982 for the different measurements stud-

ied, thus indicating excellent reliability (Annex A).

222 | Definition of the semi-landmarks
We defined 120 surface SLs to characterize the surface of the orbital
cone, and 20 curve SLs to characterize the orbital margin (and thus

the anterior wall).
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To ensure geometric homology between the corresponding SLs,
we slid the SLs using an algorithm that minimizes bending energy
(“thin-plate spline” algorithm) (Bookstein, 1997; Dunn, 1993) .

One hundred and forty-four LMs and SLs were thus positioned
per object and distributed as follows: 120 surface SLs on the orbital
cone, 20 curve SLs on the orbital margin contour and 4 LMs
(Figure 2). The anatomical LMs and curve SLMs were positioned on
the 3D orbital reconstructions, unlike the surface SLs which were
placed on the negative volume of the orbit.

The coordinates of the 144 landmarks of each patient were

exported for geometric morphometric analysis.

2.3 | Statistical evaluation of the variation in orbit
shape
2.3.1 | Procrustes superimposition

We performed Procrustes superimposition (Goodall, 1991;
Klingenberg, 2011; Rohlf & Slice, 1990) of the coordinates for the
144 LMs and SLs of the 60 study patients. This superimposition
allows the geometric characteristics of the object to be studied sepa-
rately in terms of scale, position and orientation in space (Rohlf &
Slice, 1990). For each individual, we estimated the centroid size
(“CS”: square root of the sum of the squared distances of the land-
marks to the centroid) and subsequently used CS as a proxy for
orbital size. The average orbital shape was obtained by averaging the
Procrustes coordinates of all the orbits. The quantitative variables
recorded for each patient were age and orbital volume, expressed

incm3.

FIGURE 1 Positioning of the four
anatomical landmarks on the 3D
representation of the facial skeleton

FIGURE 2 Landmarks: Anatomical
landmarks (red), curved semi-landmarks
(blue), and surface semi-landmarks (green)
on the negative volume of the right orbit.
Floating points (red and blue) were
measured on the positive reconstruction
of the orbit.

232 |

Principal component analysis

To quantify orbital morphological variation, we produced a covariance
matrix and then performed a principal component analysis (PCA) to
reduce the dimensions of the dataset and explore individual position-
ing in the shape space. Only principal components (PC) representing
more than 5% of the total variance were analyzed. “Lollipop” diagrams
were used to investigate the variation in orbital shape for the PCs
analyzed. This representation highlights the direction and extent of
the variations through vectors. The vector starting point represents
the landmark considered in the (virtual) average orbit. The end of the
vector represents the position of the landmark considered in the orbit
corresponding to the selected PC score.

For each PC, we then determined the coordinates of the LMs and
SLs of the orbits occupying the shape space in the PC score range
(positive and negative) and reconstructed the corresponding virtual
orbits in 3D by deformation (TPS) to portray variations in orbital
shape more clearly. These orbits were then compared by measuring
vector distances, represented graphically by a three-dimensional vec-
tor distance map. This approach was used to visualize the ‘range’ of
orbits in the male and female groups and to visually assess the differ-

ences in orbital conformations.

2.3.3 | Quantification of sexual dimorphism and
assessment of the impact of age and size on orbital
shape

We performed multiple multivariate regression analyses to assess the

impact of age and orbital size (centroid size) on orbital shape. The
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independent variables studied were age and centroid size versus
orbital shape (dependent variable).

We then looked for sexual dimorphism by comparing the female
average shape to the male average shape. The result was expressed as
Procrustes distance (square root of the summed squared distance
between homologous landmarks in two landmark configurations after
Procrustes superimposition) (Kendall, 1984).

24 | Software used

We used Stratovan Maxillo™ software to create the STL file of the
orbital volume (negative volume of the bony orbit). This software
package was specifically developed to extract the orbital volume and
shape from patients' CT scans. This information was then exported in
a surface file (mesh.stl) format (Strong et al., 2013).

Avizo (Thermo Scientific™ Avizo™ software) was used to position
the LMs on the 3D orbit reconstructions, and to reconstruct virtual
3D deformed orbits (TPS) from the coordinates of the LMs and SLs of
the orbits associated with the range of PC scores in order to portray
variation in orbital shape. These orbits were then compared by mea-
suring vector distances, represented graphically by a three-
dimensional vector distance map (“Vertex differences” function which

calculates vector distances between homologous mesh vertices). The

| ANATOMY

semi-automated procedure of measuring the SLs on the negative vol-
ume of the orbit using the TPS algorithm was performed with View-
box software (dHAL, Athens, Greece).

The Procrustes superimposition and subsequent statistical

analyses were performed with Morphol software
(Klingenberg, 2011).

3 | RESULTS

3.1 | Analysis of the main morphological orbital
variation

The study sample consisted of 30 males and 30 females with a mean
age of 25.1 years. The female group was significantly older than the
male group with an average age of 26.9 years versus 23.7 years,

respectively (t test, p = 0.003).

3.1.1 | Orbital shape analysis

The PCA performed on the 60 individuals highlighted 5 PCs with over
5% percentage variance (Figure 3). The cumulative percentage of vari-
ance of these 5 PCs was 67% (Figure 3).
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FIGURE 3 Graph highlighting PC distribution: (A) Histogram of variances. (B) Distribution of PCs. PC1 (% variance = 26.325%). Option to
separate individuals into 2 groups, based on the values —0.03 and + 0.03, PC2 (% variance = 15.022%). Homogeneous distribution with a
concentration of orbits around the mean value, PC3 (% variance = 10.284%). Homogeneous distribution with a concentration of orbits around
the mean value, PC4 (% variance = 8.834%). High concentration of orbits around the mean value, PC5 (% variance = 6.632%). Low dispersion of

orbits with the majority ranging from —0.03 to +0.03.
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3.1.2 | Quantification of the morphological
variations of the orbit

The main geometric variations are summarized in Table 1.

PC1 accounted for about 27% of the total variance. The orbital
shape denoted by PC1 then represents over one-quarter of the orbit
morphological variation of our 60 patients (Figure 3). Vector analysis
shows that the main variations represented by PC1 reflect orbital
height and length. As the height increases, the length decreases. The
orbital aspects displaying the largest shape variation on PC1 were the
posterior-superior region of the orbit and the superior orbital margin.
The vector distance map analysis of PC1 showed these localized ana-
tomical variations. The former region corresponded to the anterior
extremity of the superior orbital fissure (Figure 4). PC1 highlighted the
variation in the relative length of the superior orbital fissure.

PC2 and PC3 showed the global deformation of the orbit. A vec-
tor distance map analysis of PC2 (Supplementary data, Annex B)
highlighted the stability of the roof of the orbit and considerable dif-
ferences in the external and inferior orbital margins. The largest differ-
ences in relation to shape were found in the medial canthal region and
inferolateral angle. A slight variation is apparent only in the upper por-
tion of the orbit opposite the lacrimal fossa. All of these shape
changes appear to be explained by a change in the angle of the orbital
apex associated with a change in the length of the external wall. Anal-
ysis of the vector distance maps in PC3 showed that the orbital apex
was the most variable region. Differences were also evident in the
two orbital fissures. While a significant variation in the superior orbital
fissure was highlighted in PC1, the variation in the inferior orbital fis-
sure was evident only from PC3. Analysis of PC4 showed variations in
the medial canthal region and the orbital apex, explained by elonga-
tion of the medial orbital wall. The main consequence is the change in
direction of the anterior orbital wall. The main variations in PC5 were
in the anterior portion of the roof of the orbit opposite the lacrimal

fossa, and in the superior orbital fissure.

3.1.3 | Potential impact of gender, size, and age on
orbital shape

The Procrustes distance between the average male and female orbits
was 0.026 (p = 0.07). Therefore, no significant sexual dimorphism of

TABLE 1 Summary of main orbital variations depending on PC

Variance % Variations observed

PC1 27 Relative length of the superior orbital fissure
PC2 14.2 Anterior posterior and transverse dimensions
Inferior orbital margin,
Medial/lateral canthal regions
PC3 104 Anterior posterior dimension
Inferior orbital fissure
Superior orbital fissure
PC4 9 Medial wall length
PC5 6.8 Lacrimal fossa region

Superior orbital fissure

the orbital region was evident in our sample. There was no significant
difference in orbital shape between the male and female subjects in
this study (d = 0.026; p = 0.07).

Comparison of orbital volumes and centroid size (Table 2) showed
that male orbits were significantly larger than female orbits (Table 2).

Multiple multivariate regression of orbit shape (dependent vari-
able) on centroid size (independent variable) was not significant
(R? = 0.0165; p = 0.42). Therefore, orbit size did not significantly
impact orbit shape. In other words, there was no significant allometry
in orbit shape. There was no significant correlation between the first
five PCs and the centroid size of the orbit (Table 3).

The potential impact of age on orbit shape was investigated sepa-
rately for males and females given the significant difference in mean
age between the male and female subjects. A significant age-related
impact on orbit shape was not apparent in either the males or the
females, as confirmed by non-significant multivariate multiple regres-
sions (R? = 0.0272; p = 0.63 for males and R? = 0.0174; p = 0.93 for
females).

4 | DISCUSSION

41 | Main morphological variation and
explanatory factors

The main outcome of the present study involving a healthy cohort is
the identification of two patterns of orbit shape variation within the
general population. There are one-off changes in a specific orbital
region, such as those observed in PC1, PC4 and PC5, and global
changes in orbit shape, as in PC2 and PC3 relating to an opening in
the angle of the orbital apex.

When gender was used as a classifier with the PCA of the Pro-
crustes shape coordinates, no obvious data separation was noted.
Similarly, there were no significant differences in shape between the
average male and average female orbit. Hypothesis H1 is therefore
not corroborated by our data. Our results also show that orbit shape
is not significantly correlated with orbit size or age, thus refuting H2
and H3, respectively.

The main axis of variation (PC1) showed strong individual varia-
tion in the length of the superior orbital fissure, highlighting this
aspect of the orbit as the main site of inter-individual variation in a
healthy population. This fissure is bound by the greater and lesser
wings of the sphenoid. It provides a thoroughfare for vascular and
neural structures to enter the orbit. It is widely noted that anatomy is
function-dependent. The size of the orbital fissure is therefore proba-
bly associated with the volume of structures passing through it
(Moss & Salentijn, 1969). Future work will focus on this hypothesis by
measuring those structures and testing for correlation with fissure
length.

Furthermore, the size of this fissure most certainly depends on
the respective growth of the greater wing and lesser wing of the
sphenoid. A recent study (Yamamoto et al., 2021) showed that the
greater wing of the sphenoid derives from endochondral bones
(i.e. ala temporalis and alar process) and multiple membranous bones,
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FIGURE 4 Different graphical
representations of the variations in
configurations present on PC1: (A) Three-
dimensional representation of the orbital
volume, posterior view. The length of the
superior orbital fissure is depicted with an
arrow (green: +0.06; purple: —0.06).

(B) Lollipop representation (scale

factor = —0.06 to the left, +0.06 to the
right). (C) Vector distance map comparing
the orbits on PC1, superior view to the
left and posterior view to the right.
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TABLE 2 Comparison of orbital volumes and centroid sizes

Women n = 30
Orbital volume (cm3) 27.3
Centroid size 241.5

TABLE 3 Effect of centroid size on each PC. p(permutation test
10,000)

PC % Predicted p

PC1 0.03% 0.87
PC2 1.56% 0.33
PC3 0.15% 0.76
PC4 5.96% 0.06
PC5 1.78% 0.30

Men n = 30 p
304 p < 0.0001
247.7 p < 0.001

whereas the lesser wing derives from a single cartilaginous structure
(the orbitosphenoid). Assuming that the ossification of the greater
wing of the sphenoid is membranous in origin while the lesser wing is
cartilaginous, their growth patterns are likely to be differential.

The secondary shape variation axis (PC2) showed more global
deformation in the orbit with only the orbit roof displaying some
inter-individual stability. This change in shape impacts the three
dimensions of the orbit. It is interesting to note that this deformation

is indicative of the orbital index (Piquet, 1954). The latter is expressed
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as the centesimal height to width ratio of the orbital frame [(orbital
height x100)/orbital width]. Thus, orbits corresponding to minimum
values on PC2 would have a high orbital index, while orbits with posi-
tive values on PC2 would have a low orbital index.

Anthropological studies agree that it is impossible to determine
the gender of an individual by the shape of the orbit (Husmann &

Samson, 2011), as corroborated by our results.

4.2 | Originality of the study

Geometric morphometrics is a method widely used in statistical shape
analysis, particularly in evolutionary biology. This method is specifi-
cally designed to conduct quantitative analyses of shape variation
regardless of position, orientation and scale. Geometric morphomet-
rics is far less common in the medical field. For the face and its skele-
ton, this method is used to adapt cephalometric studies to 3D
(Olszewski et al., 2010). Some studies focus on sexual dimorphism
features in the craniofacial skeleton (Bigoni et al., 2010; Gonzalez
et al., 2011; Koudelova et al., 2015). This is the first time that the
global morphological variation of the orbit has been quantified using
this method.

In addition, our methodology can be used to characterize the limi-
tation of the anterior orbital wall, thereby complementing previously
published morphometry protocols (Nilsson et al., 2018).

Our study is the first to report on the absence of a statistically
significant correlation between orbital shape and gender, age and

orbital volume.

43 | Study limitations

The age limit imposed by our inclusion criteria was set to prevent
measurement bias linked to changes in orbital shape with age. Indeed,
current studies measuring orbital dimensions as a function of age
identify an increase in orbital size up to 18 to 20 years of age. New
orbital frame deformities (increase in the width and area of the orbital
aperture, and modification of the orbital rim), appear after the age of
30 (Kahn & Shaw, 2008; Richard et al., 2009; Weaver et al., 2010).
The regression analysis performed confirms that age is not a con-
founding factor in our study.

As CT images were obtained retrospectively and anonymously
(only age and gender were reported), the ethnic or geographical origin
of the individuals could not be taken into account although inter-
ethnic orbital variation has been demonstrated with differences
highlighted in the shape of the orbital contour (Xing et al., 2013) as
well as in inter-pupillary distances and the width of the palpebral fis-
sure (Barretto & Mathog, 1999).

Our analysis is based on 3D coordinates of anatomical points and
points semi-automatically positioned on the surface of the orbit. The
choice of the anatomical points is crucial for reliable measurements.
The decisive criterion is the repeatability and reproducibility of the
positioning of these points and their consistency. Studies using intra-
orbital anatomical LMs are very sparse. The four anatomical LMs we

selected are those used in recent three-dimensional orbital morpho-
metric studies (Dunn, 1993; Khonsari et al., 2016). They are well delin-
eated, repeatable and reproducible. It is not surprising to find
variation at the medial canthal level for each of the PCs. Indeed, this is
a diffuse anatomical region which, along with orbital fissures, is diffi-
cult to delineate using Stratovan Makxillo software. However, the vari-
ation in relative length shown on PC1 is mostly due to the position of
the LM placed at the end of the superior orbital fissure. The latter was
manually positioned on a high-definition scanner and chosen specifi-
cally for its reproducibility. Therefore, this is a reliable LM that ensures
the quality of the analysis of the length of the superior orbital fissure.

When investigating the impact of orbit size on its morphology
(H2), it seemed more relevant to us to use centroid size as an indepen-
dent variable rather than orbital volume. Indeed, centroid size is based
on the surface SLs as well as on the LMs and curve SLs positioned on
the three-dimensional reconstructions. As stated above and as shown
in Figure 2, Stratovan Maxillo software has some inaccuracies regard-
ing the orbital and medial cantal apex. Consequently, the negative vol-
ume computed by Stratovan might be less reliable than the
centroid size.

44 | Perspectives and conclusions

This pilot study proposes methodology to quantify the variation in
global orbit shape and locate the main variation sites in order to gain a
better understanding of the mechanisms and pathophysiology of cer-
tain deformities.

One perspective arising from this work will be to further explore
the relationship between the size of the vessels/nerves and the orbit
shape. Indeed, we suggest that the difference noted in superior orbital
fissure morphology is linked to the volume of the structures which
cross it and/or to the differential growth of the lesser and greater
wings of the sphenoid.

The second perspective will be the study of orbital allometry dur-
ing growth, i.e. the differential growth of the various bones involved.
The orbit comprises seven different bones of various embryological
origins. While the development of each of the facial and neurocranial
bones can be seen individually, it is far more difficult to get an integra-
tive approach of the growth of the entire orbit. It should be possible
to pinpoint the sites of age-related variation using geometric morpho-
metrics to study the orbit ontogenetic trajectory. It is challenging to
statistically compare an adult orbit to that of a child as all of the
dimensions of the latter will differ due to the considerable size differ-
ence. By overcoming the scale effect and allowing the allometric com-
ponent of shape variation to be quantified, Procrustes
superimposition allows changes in orbit shape to be compared during
growth and, at the same time, to the adult orbit shape. The location
and extent of orbital changes during various growth periods could be
determined. The growth trajectory of the different orbital regions
could then be established by correlating changes in shape to the
anatomy.

The third perspective will be to focus on the impact on orbit mor-
phology of late maturation from 20 to 80 years of age.
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Last but not least, the methodology used in the present study
could enhance our knowledge of the pathological orbit. Indeed, by
creating the average orbit of a syndrome associated with orbital dys-
morphology, it will be possible (by comparing it with the average orbit
of a population of the same gender and age) to highlight those regions
affected in order to characterize and gain a better understanding of

these dysmorphologies.
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