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Abstract
Objectives To evaluate the applicability of stereology and planimetry in orbital volume measurements using computed tomog-
raphy (CT) and to compare the results between the two measurements.
Methods Experimental study using sheep craniums for CT imaging. Water filling measurements were performed, as the valida-
tion technique. Quantification techniques were also evaluated in five human subjects. To examine the proportion of agreement
among measurements, we tested intra- and inter-observer agreement.
Results For stereology customization, a 1/8 systematic sampling scheme was considered as optimal; this resulted in a low
coefficient of error (2.59 %) and low measurement time (1.9 mins). In sheep craniums, mean volume measured by water
displacement, planimetry and stereology was 17.81 ± 0.59 cm3, 17.87 ± 0.68 cm3 and 17.54 ± 0.49 cm3, respectively. Total
volumes, obtained by stereology, were highly correlated with the water-filling method (r=0.893; p = 0.001) and a paired t-test
showed significant difference between methods (t=3.047; p = 0.014). Planimetry results displayed a high correlation with the
water-filling method (r=0.957; p ≈ 0.001) but no statistically significant difference was found (p = 0.154). Mean difference using
planimetry and stereology was 0.332 ± 0.322 cm3. In human subjects, using stereology, the estimated volume ranged between
18.57 cm3 and 19.27 cm3, and the mean orbital volume was 19.05 ± 0.50 cm3 with CE=3.75 ± 0.16 %. Mean measure time was
2.1 ± 0.1 mins.
Conclusions Stereological measurements were superior to manual planimetry in terms of user effort and time spent. Stereology
sampling of 1/8 was successfully applied in human subjects and yielded a strong correlation with manual planimetry.
Key Points
• Stereology can be applied to measure the orbital volume using computed tomography.
• Stereological measurements display high correlation with gold standard planimetry and combine low coefficient of error
(2.59%) with low measurement time (1.9 min).

• Stereology is superior in terms of user effort and time spent.
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Abbreviations
CE Coefficient of error
CT Computed tomography
ICC Intraclass correlation coefficient
MRI Magnetic resonance imaging
SD Standard deviation

Introduction

Orbital volume measurements serve as an invaluable tool
for surgeons and clinicians. Quantitative determination of or-
bital volume has a crucial role in pre- and postoperative
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management of maxillofacial fractures, such as blowout
fractures [1], and in developmental osseous abnormalities
[2]. In addition, careful calculations allow the design of
customized patient implants to correct volume deficits after
orbital decompression or for correcting exophthalmos as
seen in Graves’ disease [3]. In fact, a small change in vol-
ume can cause axial movement of the eye [4.] Therefore,
precise measurements are needed. The demand is becom-
ing more prevalent in the modern era of 3D-printing where
orbital reconstruction has become even more accurate [5].
However, there is little consensus on a standardized orbital
volume technique. Volume changes are often visually esti-
mated based on the physician’s personal experience with-
out direct measurements.

Computed tomography (CT) is still the most popular
established method for evaluation of craniofacial injuries,
as it can be used to delineate osseous structures and soft
tissue. Over the past decades, several studies have
attempted to manually quantify the orbital volume and
validate the respective measurements [6–10]. However,
manual segmentation has numerous drawbacks. A single
accurate measurement of the desired area may require
several hours, while the results are inter-observer sensi-
tive and can vary up to 15% between experts [11]. The
eye socket is not simply cone-shaped, but has complex
concavities and convexities and different volumes be-
tween individuals. Current CT technology has become
significantly more advanced, offering higher resolution
images and thinner slices. Despite the technological im-
provements, determination of the orbital volume remains
challenging. The orbital median wall and floor are very
thin structures and their boundaries are not well defined.
This can be partially explained by the partial volume
effect [12], where admixing signals within a voxel result
in rough delineation of individual tissues. Awareness of
the limitations in orbital volume segmentation is crucial
to differentiate between true measurements and calcula-
tion errors. Significant errors may arise either from the
imaging protocol or the post-processing analysis and lead
to false computed volumes.

A method for quantification of the orbital volume needs to
be clinically orientated. Therefore, its applicability depends on
how quick, accurate and versatile it is [13]. Current ap-
proaches include two main methods: planimetry and stereol-
ogy. Planimetry is considered the most prevalent technique
and is based on the summation of manually delineated areas
obtained from a series of CT slices. Stereology in based on the
statistical point-counting process, and has been tested to mea-
sure the orbital volume [14, 15]. Sample point-counting meth-
odology is based on the Cavalieri principle, which states that
the volume of an object can be calculated using its two-
dimensional parallel sections, separated by a certain distance
[16, 17]. For instance, volume measurements can be obtained

from an organ of interest after cutting it from end-to-end
starting at a random position and continuing on a set of
equally-spaced parallel section planes [18, 19]. To the best
of our knowledge, no attempts have been made to evaluate
both planimetry and stereology and investigate their overall
performance for the orbital cavity at the same time.

There were two aims in this study: (i) to provide a compre-
hensive analysis of the validity, reliability and repeatability of
orbital volumemeasurements by application of stereology and
planimetry in CT image datasets obtained from sheep crani-
um. For validation, results are compared with the water-filling
method, based on Archimedes’ principle [14]. (ii) To compare
the stereological results with those obtained with manual
planimetry.

Furthermore, we examined the validity of the tested quan-
tification techniques in patients referred to the Department of
Radiology who were disease-free in the orbital area.

Materials and methods

This was an experimental animal study based on the imag-
ing of the sheep cranium. Five sheep heads (total of 10
orbits) were provided by the animal house of the
University of Crete, Faculty of Medicine. Sheep were
sacrificed on the same day as imaging and water-filling
experiments. To examine the applicability of our tested
methods we also used the described imaging and quantifi-
cation techniques in five human subjects who were referred
to the Department of Radiology of the University Hospital
of Heraklion and were diagnosed as disease-free in the
orbits and the periorbital area. All the experimental animal
procedures followed the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research and the insti-
tutional guidelines. The study was approved by local ethics
committee and adhered to the tenets of the Declaration of
Helsinki. The purpose of this study was explained to all
participants, who gave signed written consent.

Image acquisition

The imaging protocol consisted of CT scans using the stan-
dard orbital protocol using a 16-detector row CT system
(Somatom Sensation 16, Siemens, Erlangen, Germany). The
reconstructed slice width was always 0.625 mm and the mean
pixel dimensions were 0.301 × 0.301 mm. The same imaging
protocol was applied for the sheep craniums and for human
subjects.

Exenteration of the eye socket/surgical technique

After the image datasets were obtained, each orbit was care-
fully dissected to remove all soft tissue from the orbital cavity
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following the standard enucleation procedures (Fig. 1a). The
entire orbital contents were removed en bloc down to the optic
canal. The soft tissue, the extraocular muscles and the orbital
fat were removed. The globe and the optic nerve were isolated
separately. The optic nerve was separated from its canal part at
the optic foramen. The jugular and oval foramen were care-
fully sealed using clay.

Water-filling method

The anterior boundary of the orbit was defined as the line that
connects the two end-points of the front medial and lateral
wall. The skull was afterwards immobilized in a way that
the anterior boundary was perfectly horizontal. The remaining
orbital socket (Fig. 1b) was filled with water to determine the
orbital volume by measuring the quantity of the required wa-
ter. This method relies upon the Archimedean principle of
fluid displacement, which states that an object displaces its
own volume when immersed in water.

Planimetry technique

DICOM images were analyzed using the open-source imaging
processing software 3D Slicer v.4.6.0 for image segmentation,
by applying manual 3D volume rendering. The orbit bound-
aries were manually delineated in axial slices (Fig. 2a) by two
separate, experienced researchers to test inter-observer reli-
ability. The posterior boundary of the orbit was defined as
the crossing line between the median and lateral walls of the
cavity around the optic foramen. The volume (V) of the seg-
mented orbital cavity (Fig. 2b) was calculated by Eq. 1:

V ¼ ∑
m

i
Taið Þ

where T is the section thickness, ai is the area of orbital cavity
in section i that is manually selected, and m is the total number
of slices containing the region of interest.

Stereological technique

Stereological orbital volume measurements were performed
using the Analyze software (Mayo Foundation, Rochester,
MN, USA). Stereology is a mathematical approach for estimat-
ing geometrical quantities and volume. It is based onCavalieri’s
principle, which involves systematic random sampling through
the region of interest. Instead of tracing the region, sampling
points over the region of interest are marked. Every point has a
given area associated with it. The area of the organ of interest in
a given section is the number of points selected times their
associated area. That result is multiplied by the thickness and
the interval of the sections to estimate a given volume. In our
image dataset a square systematic array of test points was
overlayed in each cross-section. Thereafter, all points lying
within the area of the orbital cavity are selected by the user
and the software automatically calculates the total number of
point counts (Fig. 2c). The grid was randomly placed in the
initial image and its orientation was kept constant for all the
subsequent images. The total volume (V) was given by Eq. 2:

V ¼ TA∑
m

i
Pi

where T is the distance between two consecutive sections used
for stereological estimations, A is the area of each test point, m
is the number of the sections depicting the orbit and Pi is the
number of points lying within the orbital cavity on section i.

The precision of stereological object volume estimation may
be determined by its coefficient of error (CE) as reported by
Gundersen and Jensen [19]. The Analyze software automatical-
ly provided the CE related to each orbital volume assessment.

CE is dependent upon the separation distance between the
test points of the grid. The point spacing of the grid may be
given by Eq. 4:

d ¼
ffiffiffiffiffiffiffiffiffi

V
N ∙T

r

where V is an approximation of the volume of interest, N
is the total number of counted points and T is the interval

Fig. 1 a Enucleation procedure of
the soft tissue from the orbital
cavity. The entire orbital contents
were removed en bloc down to
the optic canal. b The orbital
socket was immobilized in a
perfectly horizontal direction. The
orbital cavity was filled by water
to determine the orbital volume
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between two consecutive sections used for stereological
estimations.

It is recommended that about 100–200 point counts may
provide efficient stereological estimations [17]. Therefore,
volume estimations were also performed by selecting 150 test
points in all sections. The distance d in Eq. 4 was found by
using an N equal to 150 points.

Stereology sampling and optimization

The stereological method enables the assessment of any
organ volume together with its CE by using only a sample
of slices containing the organ of interest. Previous studies
have indicated the efficiency of systematic slice sampling
for volumetric analysis [20, 21]. This optimal approach
should involve the minimum number of systematically sam-
pled slices required to provide acceptable volume assess-
ments with the minimum user intervention. Gundersen and
Jensen [19] reported that a CE of 5% is sufficient in stereo-
logical studies. To optimize the stereological technique, we
randomly selected the right orbit of the third skull and we
performed several estimations. We used sampling intensi-
ties of 1/2, 1/3, 1/4, 1/5, 1/6, 1/8, 1/10 and 1/12. For in-
stance, the orbit of the third skull was depicted in 59 slices.
The sample type of 1/5 could provide the five different sys-
tematic samples: {1,6,11,16,21,26,31,36,41,46,51,56},
{2 , 7 , 1 2 , 1 7 , 2 2 , 2 7 , 3 2 , 3 7 , 4 2 , 4 7 , 5 2 , 5 7},
{3 , 8 , 1 3 , 1 8 , 2 3 , 2 8 , 3 3 , 3 8 , 4 3 , 4 8 , 5 3 , 5 8},
{4 , 9 , 1 4 , 1 9 , 2 4 , 2 9 , 3 4 , 3 9 , 4 4 , 4 9 , 5 4 , 5 9},
{5,10,15,20,25,30,35,40,45,50,55}. One of these samples
was randomly chosen for orbital volume estimation. The
optimization procedure aimed to define the proper point
spacing that would provide acceptable volume estimations
using the minimum number of systematically sampled CT
sections.

Imaging in human subjects

The same imaging protocol was used to obtain CT image
datasets in five human subjects. Post-processing analysis in-
cluded orbital segmentation and quantification using

planimetry and stereology as described above (Fig. 3). CE of
error was also reported to evaluate the performance of stere-
ology in human orbits.

Statistical analysis

Statistical analysis was performed using SPSS (IBM SPSS
Statistics for Windows, Version 22.0). Descriptive statistics
are presented as mean ± SD. All p-values relate to two-sided
tests with a significance level of a = 0.05. A non-parametric
Mann-Whitney test was used to detect differences between
groups.

To test the proportion of agreement among measurements,
we tested intra-observer and inter-observer agreement as
follows:

Intra-observer reliability of CT measurements was calcu-
lated by comparing two separate

measurements performed by one observer 1 month apart to
minimize recall bias.

Inter-observer reliability of CT measurements was calcu-
lated by comparing volume measurements of two separate
observers, using the same methodology. The intraclass corre-
lation coefficient (ICC) (two-way mixed model) was comput-
ed to estimate the inter-rater and intra-rater reliability. An ICC
value of > 0.7 in absolute single measures was considered to
be acceptable agreement.

To compare the volumetric techniques, Pearson’s correla-
tion coefficient was used to find significant correlations be-
tween data from planimetry stereology and water displace-
ment techniques. Furthermore, a paired samples t-test was
applied to identify significant differences in the mean values
of the computed volumes.

In addition, the Bland-Altman statistical test was used
to determine 95% limits of agreement between the stereo-
logical and the planimetric technique. The 95% limits of
agreement were defined as the mean difference ± 1.96 SD,
where SD is the standard deviation of the differences. In
all statistical analyses p-values less than 0.05 were con-
sidered as statistically significant

Graphic displays were illustrated using GraphPad Prism
(Graphpad Software Inc, La Jolla, CA, USA).

Fig. 2 aManual delineation of the orbital boundaries in axial slices using
3D volume rendering in 3D Slicer. b 3D-model of the segmented orbit for
measuring its total volume. c Stereological approach of the orbital volume

using the Analyze software. The green points within the area of the orbital
cavity were selected by the user and the total volume is estimated
automatically based on the total number of point counts
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Results

For this analysis, five models (10 orbits in total) were consid-
ered. Typically, 60 CT slices were needed to cover the entire
sheep’s orbit. The volumes measured by the water displace-
ment technique ranged between 16.82 cm3 and 18.59 cm3,
while the mean orbital volume measured was 17.81 ± 0.59
cm3 (Tables 2 and 3).

Definition of the optimal stereological approach

The precision of the obtained stereological orbital volume
estimations is presented in Table 1. The CE exceeded the
target precision of 5% when systematic sampling intensities
of 1/10 and 1/12 were adopted. Volume assessments on the
entire slice set depicting an orbital cavity resulted in a CE of
0.38%. The corresponding CE with the use of a sample
consisting of every sixth or eighth CT slice was 1.89% and
2.59 ± 1.0%, respectively (Table 1). The mean time for
volumetry using a sample of slices generated from a system-
atic sampling intensity of 1/6 and 1/8 depicting the orbit was
2.3 min and 1.9 min, respectively. When compared with the
actual volume of the water-filling measurements, the 1/6 and
1/8 sampling results displayed a percent difference of 5.41%

and 4.57%, respectively. Based on the above data, the appli-
cation of stereology on a sample of slices arising from the 1/8
systematic sampling scheme was considered as the optimal
and time efficient approach. This approach could provide
quick volume estimates with an acceptable level of precision.
The 1/8 sampling was used for stereological estimation in the
animal and human orbits.

Image volumetry in animal models

Using planimetry (Table 2), the first investigator reported a
mean orbital volume of 17.87 ± 0.68 cm3 in the first and 17.93
± 0.66 cm3 in the second evaluation, which was not signifi-
cantly different (p = 0.853, Mann-Whitney test). Furthermore,
the ICC showed high intra-rater agreement (ICC=0.993,
p≈0.001). Additionally, the second investigator measured a
mean orbital volume of 17.93 ± 0.48 cm3, which was also
not statistically significant compared with the first evaluation
of the first investigator (p = 0.850, Mann-Whitney test), and
displayed an excellent inter-rater agreement (ICC=0.990; p ≈
0.001). The average measurement time for each data set was
18.6 min.

Using stereology sampling of 1/8 (Table 3) as de-
scribed above, the first investigator reported a mean

Fig. 3 aModel of the segmented orbit within the human skull, using 3D
slicer. b Manual delineation of the human orbit. Using planimetry, the
selected areas are added and then multiplied by slice thick to measure the

total volume. c Stereological method, using 1/8 sampling, for calculating
the orbital volume by selecting points that lie in the orbital cavity

Table 1 Stereological orbital optimization: Model 3 – right orbit

Sample Type Number of Measured
slices

Sectioning Thickness
(T) (mm)

Separation distance d
(mm) for 150 points

Measured Volume
(cm3)

CE (%) Measurement Time
(min)

1/1 60 0.625 14.6 18.55 0.38 8.2

1/2 30 1.25 10.3 18.16 0.61 5.5

1/3 20 1.875 8.4 17.73 0.77 3.9

1/4 15 2.5 7.3 17.60 1.15 3.1

1/5 12 3.125 6.5 18.07 1.74 2.7

1/6 10 3.75 6 17.61 1.89 2.3

1/8 8 5 5.2 17.76 2.59 1.9

1/10 6 6.25 4.6 15.24 5.15 1.6

1/12 5 7.5 4.2 18.38 7.32 1.2
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orbital volume of 17.54 ± 0.49 cm3 (CE= 2.81± 0.15%)
in the first and 17.57 ± 0.48 cm3 (CE= 2.68 ± 0.21%) in
the second evaluation, which was not significantly differ-
ent (p = 0.739, Mann-Whitney test). Furthermore, the
ICC showed an excel lent int ra-ra ter agreement
(ICC=0.995; p ≈ 0.001). Additionally, the second inves-
tigator reported a mean orbital volume of 17.56 ± 0.47
cm3 (CE= 2.51± 0.11%) in his assessment, which was
also not statistically significant compared with the first

evaluation of the first investigator (p = 0.912, Mann-
Whitney test), and a high inter-rater agreement was found
in ICC (ICC=0.990; p ≈ 0.001)

To compare the different methods, we correlated the data
from the first measurement of the first investigator with the
water-filling method. The measured data from planimetry,
stereology and water displacement methods followed a nor-
mal distribution as confirmed by the Kolmogorov-Smirnov
test (p = 0.2, p = 0.161 and p = 0.2, respectively).

Table 2 Orbital volume planimetry measurements

Orbital Cavity Investigator 1 First
measurement (cm3)

Investigator 1
Secondmeasurement
(cm3)

Investigator 2
Measurement
(cm3)

Mean value in
planimetry
(cm3)

Intrapersonal
difference
(cm3)

Interpersonal
difference
(cm3)

Water
displacement
(gold standard)

Model 1

Left orbit 18.31 18.43 18.39 18.38 0.12 0.06 18.12

Right orbit 17.87 17.91 17.94 17.91 0.04 0.05 17.86

Model 2

Left orbit 17.64 17.61 17.72 17.66 0.03 0.09 17.53

Right orbit 17.85 17.99 17.87 17.90 0.14 0.05 17.74

Model 3

Left orbit 18.49 18.57 18.44 18.50 0.08 0.09 18.45

Right orbit 18.75 18.82 18.88 18.82 0.07 0.11 18.59

Model 4

Left orbit 18.28 18.20 18.27 18.25 0.08 0.03 18.13

Right orbit 18.11 18.09 18.17 18.12 0.02 0.07 18.04

Model 5

Left orbit 16.60 16.78 16.85 16.74 0.18 0.16 16.82

Right orbit 16.87 16.92 16.77 16.85 0.05 0.13 16.90

Table 3 Orbital volume stereology measurements

Orbital Cavity Investigator 1 First
measurement (cm3)

Investigator 1
Secondmeasurement
(cm3)

Investigator 2
Measurement
(cm3)

Mean value in
stereology
(cm3)

Intrapersonal
difference
(cm3)

Interpersonal
difference
(cm3)

Water
displacement
(gold standard)

Model 1

Left orbit 17.93 17.97 17.99 17.96 0.04 0.04 18.12

Right orbit 17.88 17.89 17.91 17.89 0.01 0.02 17.86

Model 2

Left orbit 17.41 17.45 17.36 17.41 0.04 0.07 17.53

Right orbit 17.62 17.57 17.59 17.59 0.05 0.01 17.74

Model 3

Left orbit 17.71 17.73 17.65 17.70 0.02 0.07 18.45

Right orbit 17.76 17.83 17.88 17.82 0.07 0.08 18.59

Model 4

Left orbit 17.90 17.90 17.92 17.91 0.00 0.02 18.13

Right orbit 17.89 17.95 17.85 17.90 0.06 0.07 18.04

Model 5

Left orbit 16.53 16.64 16.67 16.61 0.11 0.08 16.82

Right orbit 16.82 16.77 16.81 16.80 0.05 0.09 16.90
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Total volumes obtained by stereology were highly corre-
lated with the water-filling method (r=0.893; p = 0.001)
while paired samples t-test yielded a statistically significant
difference between the mean volumes computed by the
water-filling method and stereology (t=3.047; p = 0.014).
In addition, planimetry results also displayed high correla-
tion with the water-filling method (r=0.957; p ≈ 0.001) but a
paired samples t-test did not reveal a significant difference

(p = 0.154). Finally, between planimetry and stereology a
strong correlation was also noted (r=0.909; p ≈ 0.001) and a
paired t-test displayed a statistically significant difference in
mean values (t=3.254; p = 0.01) (Fig. 4).

Fig. 4 Correlations between the total volumes obtained by planimetry,
stereology and water-filling methods

Fig. 5 Upper plot: differences in orbital volume estimates as defined by
manual planimetry and the water-filling method. The mean difference is
presented with the solid line whereas the 95% limits of agreement are
shown with the dotted lines. Middle plot: differences in orbital volume
estimates as defined by the optimized stereological approach and the
water-filling method. Lower plot: differences in orbital volume
measurement as defined by manual planimetry and stereology
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The exact limits of agreement between the planimetry and
water filling as well as between the stereology and water-
filling methods are presented in the Bland-Altman scatter plots
shown in Fig. 5. The mean difference of the orbital volume
using the planimetry and the water-filling techniques was
0.059 cm3. The SD of the differences was 0.119 cm3.
Therefore, the limits of agreement were equal to -0.176 and
0.294 cm3. All but one data point were between the above
limits of agreement (Fig. 5). The mean difference of the orbital
volume using stereology and water-filling methodswas -0.273
cm3. The SD of the differences was 0.283 cm3. Therefore, the
limits of agreement were equal to -0.823 and 0.283 cm3. All,
apart from one, data points were between the above limits of
agreement (Fig. 5). Finally, the mean difference of the orbital
volume using planimetry and stereology was 0.332 cm3. The
SD of the difference was 0.322 cm3 and the limits of agree-
ment were noted at -0.301 cm3 and 0.964 cm3.

Image volumetry in human subjects

The same methodologies of planimetry and stereology were
used to estimate the volumetry of five healthy subjects (10
total orbits). The measured volumes by planimetry (Fig. 3b)
ranged between 18.74 cm3 and 19.63 cm3, while the mean
orbital volume was 19.11 ± 0.49 cm3. Using stereology sam-
pling of 1/8 (Fig. 3c), the estimated volume ranged between
18.57 cm3 and 19.27 cm3, and the mean orbital volume was
found to be 19.05 ± 0.50 cm3 with a CE of 3.75 ± 0.16 %
(Table 4). The mean measure time was 2.1 ± 0.1 min. Total
volumes obtained by planimetry were highly correlated with
the those obtained from stereology (r=0.909; p ≈ 0.001,
Pearson’s correlation coefficient).

Discussion

Our study suggests that both planimetry and stereology
methods can be applied in a given orbital area for precise
measurements. In fact, both techniques displayed significant
correlation with the direct water-filling measurements,
r=0.957 for planimetry and r=0.893 for stereology. In this
analysis we evaluated the applicability of planimetry and ste-
reology in measuring the orbital volume in both sheep crani-
ums and humans. We optimized stereological volume mea-
surements through a systemic sampling process and we de-
fined the minimum number of CT slices required to provide
acceptable orbital volume estimates. Our findings suggest that
1/8 stereological sampling can be used for both animal and
human subjects by minimizing the required time for measure-
ments to about 1.9 min. Finally, we evaluated the comparative
performance of stereology against manual planimetry. The
two methods yielded a strong correlation (r=0.909). Bland-
Altman analysis indicated that stereology tends to slightly
underestimate the actual volume of a given orbit by a small
amount (mean difference in volume= 0.273 cm3)

Our results are important for guiding clinical decisions
since several physiological and pathological conditions may
contribute to changes in the orbital volume [22], for example,
exophthalmos, as seen in Graves’ disease, and enophthalmos,
which is a common condition after trauma and orbital frac-
tures. Small changes in volume can lead to severe change in
the axial position of the eye. It has been estimated that a 1 cm2

increase in orbital volume will result in 1 mm of axial dis-
placement of the globe [4]. Thus, determination of the orbital
volume is essential when studying the pathobiology of
Graves’ orbitopathy or craniofacial syndromes (e.g. Apert’s
syndrome), or for surgical planning of orbital decompression

Table 4 Orbital volumetry in
human subjects Orbital Cavity Volume measured by

planimetry (cm3)
Volume measured by
stereology (cm3)

Stereology CE (%)

Subject 1

Left orbit 18.74 18.91 3.97

Right orbit 18.66 18.78 3.14

Subject 2

Left orbit 19.63 19.86 3.37

Right orbit 20.15 19.97 4.10

Subject 3

Left orbit 18.75 18.73 2.92

Right orbit 18.81 18.63 3.57

Subject 4

Left orbit 19.12 19.27 3.92

Right orbit 19.54 19.13 4.34

Subject 5

Left orbit 18.92 18.69 4.53

Right orbit 18.77 18.57 3.66
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and reconstruction. In cases of enophthalmos, decision mak-
ing and surgical planning is based on the severity of injury.
However, the amount of globe intrusion is often masked by
periorbital swelling and management is usually delayed until
swelling resolves. But if surgery is carried out at a later stage,
treatment of enophthalmos becomes more difficult because of
the muscular atrophy and fibrosis of the periorbital soft tissue
[23]. Unfortunately, in clinical practice, orbital volume chang-
es are often evaluated in a qualitative and subjective mode,
rather than a quantitative and objective fashion. Surgical re-
sults also lack quantification. The reason for this inadequate
management is that most volumetric procedures are time con-
suming, require manual work from trained staff and, therefore,
are poorly applicable in clinical practice. Several stereological
volume measurements in different organs have been studied
using MRI and CT [24–26]. However, to the best of our
knowledge, this is the first study employing an ex vivo meth-
odology and objectively testing the validity of findings of both
planimetry and stereology on CT datasets, as opposed to pre-
vious cadaver studies [15, 27].

A limitation of this study is that it does not consider the
significant variability of orbital volume in the healthy popula-
tion. These changes account for anatomical variations, race and
gender [22]. A larger pool of patients should be tested taking
into account the epidemiological discrepancies of the studied
structures. Moreover, our proposed methods were not tested in
a pediatric population where the orbital socket is considered
more complex in terms of anatomical relationships and image
segmentation. Another limitation to be considered in clinical
practice is that the semi-automated methodology we described
requires user training and cannot be implemented without the
appropriate software. An operational system using a fully au-
tomated algorithm needs to be designed for future testing. For
the presented study, a slice thickness of 0.625 mm was used.
Finally, we used imaging data obtained solely from CT scans.
Further research is required to examine the validity of stereo-
logical measurements on CT and MRI scans acquired with
different slice thicknesses from that used in the current work.

In this study, we tried to evaluate the applicability of
planimetry and stereology in orbital volume evaluation, using
CT imaging, with a view to eliminating subjective bias.
Stereological measurements were comparable to manual
planimetry, which is a strong indicator about the accuracy of
our method. Apart from providing reliable and precise estima-
tions of the orbital volume, they are advantageous as a rather
objective and time-efficient method. Application can be ex-
tended in basic research on orbital measurements, in ophthal-
mic pathology, surgical planning and quality control follow-
ing orbital reconstructions.
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