JOURNAL OF FORENSIC ‘gi:z
SCIENCES

J Forensic Sci, September 2012, Vol. 57, No. 5
doi: 10.1111/j.1556-4029.2012.02075.x
Available online at: onlinelibrary.wiley.com

TECHNICAL NOTE
PHYSICAL ANTHROPOLOGY

Pierre Guyomarc’h," M.Sc.; Bruno Dutailly," M.Sc.; Christine Couture,' Ph.D.; and
Héléne Coqueugniot," Ph.D.

Anatomical Placement of the Human Eyeball in
the Orbit—Validation Using CT Scans of Living
Adults and Prediction for Facial Approximation*

ABSTRACT: Accuracy of forensic facial approximation and superimposition techniques relies on the knowledge of anatomical correlations
between soft and hard tissues. Recent studies by Stephan and collaborators (6,8,10) reviewed traditional guidelines leading to a wrong placement of
the eyeball in the orbit. As those statements are based on a small cadaver sample, we propose a validation of these findings on a large database
(n = 375) of living people. Computed tomography scans of known age and sex subjects were used to collect landmarks on three-dimensional surfaces
and DICOM with TIVMI. Results confirmed a more superior and lateral position of the eyeball relatively to the orbital rims. Orbital height and
breadth were used to compute regression formulae and proportional placement using percentages to find the most probable position of the eyeball in
the orbit. A size-related sexual dimorphism was present but did not impact on the prediction accuracy.
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Methods of craniofacial identification, such as facial approxima-
tion or superimposition, require accurate and reliable guidelines based
on large databases (1,2). Facial recognition is a complex process that
relies on several factors, of which the shape and the proportion of the
facial organs are some of the most important (3,4). The placement of
the eyeball tends to influence the positioning of the canthi in manual
reconstruction (5); any error in the first will lead to errors in the sec-
ond. For facial approximation, the traditional guidelines for such
placement have been recently discussed. See Stephan and Davidson
(6) for an exhaustive review of those guidelines. Up to the reevalua-
tion of the rules, the eyeball was advised to be placed centrally in the
orbit and its projection to be tangent to a line joining the superior and
inferior orbital rims (7). Those rules have been rejected as inaccurate
after a review of the exophthalmometry literature (8), through a mag-
netic resonance imaging (MRI) sample (9) and by cadaver-based
studies (6,10). The latter study is based on a small elderly cadaver
sample (n = 13). Even if the comparability of those results with liv-
ing persons has been hypothesized, such application can be criticized.
This paper follows a preliminary study (11) and presents similar data
obtained through computed tomography (CT) from a large database
of living subjects. The goals are to validate previous observations, to
measure age and sex influences and asymmetry, and to propose a
reproducible method of eyeball positioning in the orbit.
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Material and Methods

Nine hundred CT scans were collected in French hospitals with
radiologists in accordance with ethical committee guidelines. After
excluding subjects showing any pathological or traumatic effects
and selecting only high-resolution scans, the study sample con-
tained 375 adult individuals of known age and sex. The sex ratio
was 1:0.84 (204 men and 171 women), and the mean age was
52.2 years (min = 18; max = 95; ¢ = 20.3). There was no signifi-
cant difference in the age distribution between sex according to a
t-test (t = —0.09; p = 0.92). Ethnicity information was not available
because of French ethical issues, but the sample is assumed to be
proportional to the present diversity of the French population.

The CT scans were processed with TIVMI (Treatment and
Increased Vision for Medical Imaging; http://www.pacea.u-
bordeaux1.ft/TIVMI/), developed by one of the authors (BD). This
computer program has been designed for morphometrics and
anthropological research. It facilitates basic geometric operations
and accurate surface reconstructions so that the craniofacial mor-
phology can be measured objectively. After importing the DICOM
files (Digital Imaging and Communications in Medicine), the supe-
rior part of the skull was reconstructed using an algorithm based
on the half-maximum height (HMH) protocol in three dimensions
(3D) (12). This technique detects the best limit between materials
of different densities (between the bone and the soft tissues in our
case) without any subjective intervention of the user (13). The
reconstructed cranium in 3D is then used to position the bony land-
marks nasion, orbitale, and porion (Table 1). The Frankfurt Hori-
zontal (FH) plane is created based on both the right and the left
porion and on both the right and the left orbitale, according to its
original definition (14,15) by computing mean planes (Fig. 1). The
FH plane is thus used to define the orthogonal frontal and sagittal
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TABLE 1—Landmarks used in this study.

Landmark

Definition

Porion* (po)

Orbitale* (or)
Nasion* (n)

Dacryon* (d)

Ectoconchion* (ek)

Supraconchion* (sk)
Frontomalare
orbitale* (fmo)

Deepest point of the
lateral orbital
margin®* (dlom)

Oculus anterius (oa)

Oculus posterius (op)

Oculus superius (0s)

Oculus inferius (oi)

Oculus mediale (om)

Oculus laterale (ol)

The highest point on the superior margin of
the external auditory meatus

The lowest point on the orbital rim

The junction of the internasal suture with the
nasofrontal suture

The junction of the sutures between the
frontal, maxillary, and lacrimal bones

The most lateral point of the orbital rim
following a line bisecting the orbit from the
dacryon

The highest point on the orbital rim

The point on the orbital rim at the junction of
the sutures between the frontal and zygomatic
bones

The deepest point on the lateral orbital rim

The most anterior point of the eyeball
The most posterior point of the eyeball
The most superior point of the eyeball
The most inferior point of the eyeball
The most medial point of the eyeball
The most lateral point of the eyeball

*From (16), **from (6).

planes. The landmarks of the orbit can be positioned with reproduc-
ibility using those reference planes (Table 1).

Because the eyeball does not display a density different enough
from the other soft tissues, it is not possible to reconstruct it accu-
rately in 3D. Landmarks on the eyeball are recorded directly on the
DICOM files. To avoid an orientation bias, the original files were
resliced according to the FH and sagittal planes. This procedure
allowed the most anterior (oa; homologous to the pupulare, center
of the pupil) and posterior (op) points of the eyeball to be posi-
tioned on the same slice, preserving a reproducible orientation inde-
pendent of the patient’s gaze (Fig. 1).

Repeated measurements were performed by a student not
involved in the study, on 10 subjects. In parallel, one of the authors

Sagittal plane (Sp) |+

Frankfurt
Horizontal

(PG) made the same measurements three times on five subjects.
The mean dispersion of each landmark was calculated by comput-
ing the distance between the repeated measures. The mean
intra-observer variability was systematically below 1 mm for all
landmarks. As expected, the mean inter-observer dispersion was
higher but remains below 2 mm.

The interlandmark distances between the two points a and b
in 3D (x, y, z) were extracted with the Pythagorean formula:
Distian) = V((a—x0) +(Va=Y)+za—2)"). Because the eyeball cannot
be strictly considered a sphere, its volume (v) was calculated as an
ellipsoid. The radius of the eyeball in the three planes was labeled
a, b, and c: v = (4/3)mabc. The extracted measurements (6,10,16)
are listed in Table 2.

The measurements recorded in projection, such as the orbital
height or the distances from the most anterior point of the eyeball
and the orbital rims, were made by orthogonal projection of the
landmarks on the reference planes in TIVMI. Statistical analyses
were performed with Statistica® (v7.1; Statsoft®, Tulsa, OK). The
Student’s 7-test was used to check the symmetry between the right
and left variables and to evaluate sexual dimorphism. Pearson’s cor-
relation was used to explore the influence of age on the orbital
morphology. A Bonferroni adjustment was applied to the p-level
for the t-tests to avoid type 1 errors (17). Linear regressions were
used to propose formulae predicting the eyeball positioning in the
orbit.

Results

All variables follow a normal distribution according to a
Shapiro-Wilk test, except the eyeball volume, which was rela-
tively constant across individuals (nonparametric tests were thus
used to study this variable). Table 3 presents the descriptive sta-
tistics of the orbit and eyeball metrics, along with the results of
the tests concerning asymmetry, sexual dimorphism, and age
influence.

A significant asymmetry was detected in the orbital breadth, the
right orbit being wider. The slight asymmetry in the distance
between the eyeball and the medial orbital margin could not

FIG. 1—Landmarks and planes on bone reconstruction (a: position of the reference planes; b: frontal view; c: lateral view) and on DICOM files (d: super-

ior view; e: frontal view; f: lateral view).
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TABLE 2—Measurements used in this study.

Measurement Definition

Orbital height (OBH)*
Orbital breadth (OBB)*

Projected vertical distance between sk and or

Direct distance between ek and d, bisecting the
orbit

Projected distance between dlom and oa

Projected vertical distance between oa and sk

Eyeball projection**
Superior orbital

margin (SOM)—oa**
Inferior orbital

margin (IOM)—oa**
Lateral orbital

margin (LOM)—oa**
Medial orbital

margin (MOM)—oa**
Eyeball volume

Projected vertical distance between oa and or

Projected horizontal distance between oa
and ek
Projected horizontal distance between oa and d

Calculated from the three diameters of the
eyeball

*From (16), **from (6).

be considered significant after a Bonferroni adjustment (p-level =
0.006). All of the measurements were smaller in women, but the
sexual dimorphism was significant for orbital breadth, eyeball pro-
jection, and mediolateral positioning. A Bonferroni correction
rejected the significant sex influence on the eyeball position regard-
ing the inferior orbital rim and on the right orbital height (p-
level = 0.003). Age influence was negligible (r < 0.22) in all hard
and soft tissues dimensions. Univariate analyses of covariance (AN-
COVA) using age and sex did neither allow a better understanding
of the relationship between those factors in the variables nor reveal
sex-specific pattern.

The eyeball volume was relatively constant. This variable did
not present any strong correlation (r < 0.25) with the orbital height
or breadth. The mean anteroposterior diameter was 23.7 mm, the
mean mediolateral diameter was 24.3 mm, and the mean superoin-
ferior diameter was 24.6 mm. Even if the volume was significantly
larger in men, the millimeter difference (<0.5 mm in diameter) will
be negligible between the sexes when performing a facial approxi-
mation or superimposition.

The sexual dimorphism in eyeball position (in the mediolateral
plane) is likely size related. To define a strict relationship
between orbital shape and eyeball position, the relative distances
of the eyeball to the medial, superior, and lateral (for anterior
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projection) margins were converted to percentages of orbital
breadth (OBB) and height (OBH), respectively. Eyeball projection
is also well correlated to orbital height; this bony measurement
was thus chosen to predict the projection. The distance from the
oculus anterius to the most superior part of the orbit (SOM)
averaged 44.1% of the OBH (min = 34.3%; max = 55.3%;
SD = 3.9%). The mediolateral position of the eyeball, measured
from the dacryon (MOM), averaged 57.6% of the OBB
(min = 48.1%; max = 69.5%; SD = 3.4%). The projection of the
eyeball from the deepest point of the lateral orbital margin
(dLOM) averaged 51.3% of the orbital height (min = 34.2%;
max = 70.5%; SD = 6.3%). These results, based on both the right
and left orbits, are presented in Fig. 2.

The different bony measurements recorded in this study were
evaluated in terms of their correlation with the eyeball positioning
(systematically according to the oculus anterius). Simple regressions
were sufficiently reliable to estimate the position of the eyeball in
the mediolateral and superoinferior planes according to the medial
and superior orbital margins, respectively. Concerning the eyeball
projection, no single variable showed a sufficient correlation to aid
the prediction. Nevertheless, a multiple regression produced an
acceptable prediction equation using the orbital height and the dis-
tance from the nasion to the frontomalare orbitale. The standard
error of the estimate (SEE) was slightly lower than the standard
deviation of the measurements: the prediction formulae should thus
be preferred to the simple application of means. Sex-specific

OBH

51.3 % of OBH

OBB

FIG. 2—Proportional placement of the eyeball using the medial (MOM),
superior (SOM), and deepest point of the lateral (dALOM) orbital margins
with the percentages of the orbital height (OBH) and breadth (OBB).

TABLE 3—Descriptive statistics (mean, minimum, maximum, standard deviation), asymmetry, sexual dimorphism, and age influence on the orbital and the
right (R) and left (L) eyeball measurements for males (M) and females (F).

Mean Mean (M) Mean (F) Min Max SD Asym Sex Age

Measurement Side (mm) (p) (p) (r)
Orbital height (OBH) R 35.7 35.9 354 29.0 44.1 2.55 0.80 0.04* 0.22
L 35.6 35.8 354 28.4 45.6 2.45 0.08 0.17
Orbital breadth (OBB) R 39.2 40.0 38.3 33.0 453 1.93 0.00%* 0.00%* 0.17
L 38.7 39.5 37.8 33.2 45.6 1.89 0.00%* 0.08
Eyeball projection R 18.3 18.9 17.7 12.3 25.1 2.33 0.43 0.00%* 0.13
L 18.2 18.7 17.6 12.6 25.6 2.32 0.00%* 0.07
SOM—oa R 15.7 15.7 15.7 11.3 21.1 1.93 0.20 0.87 0.11
L 15.9 16.0 15.7 11.0 229 1.91 0.29 0.08
IOM—oa R 20.0 20.3 19.7 14.7 25.1 1.85 0.08 0.01* 0.18
L 19.8 19.9 19.7 15.3 25.0 1.72 0.20 0.14
LOM—oa R 16.6 16.8 16.3 12.1 20.7 1.47 0.21 0.00%* 0.16
L 16.4 16.7 16.1 11.0 20.5 1.62 0.00%* -0.07
MOM—oa R 22.6 23.2 21.9 18.7 27.5 1.67 0.01* 0.00%* 0.05
L 22.3 22.8 21.7 17.6 28.1 1.81 0.00%* 0.15
Eyeball volume (mm?) R 7439.1 7643.7 7195.1 4682.9 11450.4 891.92 0.78 0.00%* -0.13
L 7457.5 7662.0 7213.6 4972.6 12654.6 893.93 0.00%* 0.15

Statistically significant *p < 0.05, **p < 0.001.
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TABLE 4—Prediction formulae and percentages for proportional placement of the eyeball in the orbit, along with the respective errors.

Prediction Through Regression

Prediction by

Proportionality
SEE SEE
Eyeball Position Formulae P (mm) Percentage (mm)
Superoinferior 0.54*OBH—3.5 0.49 1.4 44.1% of OBH from sk 1.4
Mediolateral 0.59*OBB—0.4 0.42 1.3 57.6% of OBB from d 1.3
Anteroposterior 0.23*OBH + 0.26*n-fmo—3.38 0.20 2.1 51.3% of OBH from dlom 2.3

regressions did not enhance the prediction of the eyeball position in
the orbit.

The mean percentages of the orbital height and breadth have also
been applied to predict the position of the eyeball in the three
planes. The resulting SEE is similar to the one resulting from the
prediction formulae. Table 4 summarizes those results based on
both the right and left orbits.

Discussion and Conclusion

The more superolateral position of the eyeball in the orbit has
been confirmed through the measurement of 375 individuals.
These results agree with the preliminary statements made in a
previous study based on 140 subjects (11), and they confirm the
cadaver-based studies (6,10). The stability of the eyeball volume
is also consistent with MRI-based clinical recent observations
(18-20). Our large sample made it possible to statistically
explore the orbit and eyeball morphology with regard to sexual
dimorphism and age influence. Only sex influences the orbital
breadth and the projection of the eyeball; this is potentially
linked with the shape of the male lateral orbital rim because the
measurement of the projection depends on this margin. The use
of percentages or formulae eliminates the need to include size-
related sexual dimorphism in the prediction. Because the sample
is cross-sectional, the age influence can also be interpreted as
secular trends, but the variables studied did not produce signifi-
cant results.

The functional matrix of the orbital region (soft and hard tissues
participating in the vision) is common to all human subjects (21).
The differential sexual dimorphism between orbital height and
breadth has been observed in other samples (22). Because each
orbital matrix is part of the facial matrix, this phenomenon cannot
be attributed solely to the influence of the organs of vision or the
orbicular muscle activity. A broader pattern including other factors
(the biomechanics of the cranial vault and mastication, ontogeny,
etc.) should be considered (23).

In terms of methodology, rather than relying on empirical dis-
tances, the placement of the eyeball can thus be done based on the
specific morphology of each subject, with no regard to age or sex.
Our sample is wide and homogeneous; our results validated previ-
ous published findings. We hypothesize that the methods described
here are applicable. These guidelines can be used for manual or
computer-based facial approximation and superimposition in two or
three dimensions. Moreover, this study emphasizes the critical
importance of reassessing and reevaluating the traditional rules used
in craniofacial identification.
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