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SUMMARY – This study was designed to validate a novel semi-automated segmentation method 
to measure regional intra-orbital fat tissue volume in Graves’ ophthalmopathy. Twenty-four orbits 
from 12 patients with Graves’ ophthalmopathy, 24 orbits from 12 controls, ten orbits from five 
MRI study simulations and two orbits from a digital model were used. Following manual region of 
interest definition of the orbital volumes performed by two operators with different levels of exper-
tise, an automated procedure calculated intra-orbital fat tissue volumes (global and regional, with 
automated definition of four quadrants). In patients with Graves’ disease, clinical activity score 
and degree of exophthalmos were measured and correlated with intra-orbital fat volumes. Operator 
performance was evaluated and statistical analysis of the measurements was performed. Accurate 
intra-orbital fat volume measurements were obtained with coefficients of variation below 5%. The 
mean operator difference in total fat volume measurements was 0.56%. Patients had significantly 
higher intra-orbital fat volumes than controls (p<0.001 using Student’s t test). Fat volumes and 
clinical score were significantly correlated (p<0.001). The semi-automated method described here 
can provide accurate, reproducible intra-orbital fat measurements with low inter-operator variation 
and good correlation with clinical data.
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Introduction

Segmentation procedures for normal and 
abnormal tissue classification can be of value 
in the assessment of disease extent and meas-
urement of disease-associated changes over 
time. While several segmentation procedures 
are currently available for brain structures, 
only a few applications have been described for 
extra-cerebral tissue segmentation 1-5. In par-
ticular, extra-ocular tissue segmentation could 
be useful for the evaluation of Graves’ ophthal-
mopathy, an autoimmune disorder caused by 
auto-reactive CD4 T lymphocytes recognizing 
a similar antigen to thyroid and orbital tissue, 

causing edematous expansion of the extra-ocu-
lar muscles and increased volume of the orbital 
tissue 6-11.

Most currently available segmentation pro-
cedures for orbital tissue measurements are 
heavily time-consuming since they are based 
on manual segmentation 1-5. Moreover, none in-
volves automatic quadrant separation, which 
could be useful for surgical planning 12. There-
fore, we developed and tested an MRI-based 
computer-assisted method for global and re-
gional segmentation of orbital fat using a dig-
ital brain phantom 13. The phantom was used 
by two operators with different levels of exper-
tise. We also evaluated the correlation between 



374

Semiautomatic Regional Segmentation to Measure Orbital Fat Volumes in Thyroid-Associated Ophthalmopathy M. Comerci

more challenging. The phantom model 13 was 
used as a reference to evaluate segmentation 
accuracy. 

MRI processing

The scans and simulations were segmented 
with the algorithm described by Alfano et al. 

14. Briefly, the software calculates relaxation 
rates (R1, the inverse of the T1 relaxation time, 
and R2, the inverse of the T2 relaxation time) 
and proton density from the MRI acquisitions 
(a conventional spin echo T1-w single echo and 
a conventional spin echo PD-w/T2-w double 
echo are required to perform this calculation), 
pre-processes them to reduce noise and partial 
volume effects and then recognizes the differ-
ent tissues according to the rates and proton 
density values. The segmentation software au-
tomatically recognizes muscle, fat and vitreous 
body, among other tissues. Two three-dimen-
sional regions of interest (ROIs), including the 
orbital cavities, were defined for each scan and 
MRI simulation using a slice-by-slice manual 
definition, described earlier, and automated 
three-dimensional fitting and regularization. 
An expert operator defined the two ROIs on 
the phantom model to obtain the reference vol-
umes for the validation. 

The ROIs were automatically subdivided 
into four quadrants (superior, [S], lateral, [L], 
inferior, [I] and medial, [M]) using software de-
veloped in-house. The volumes of interest were 
obtained by intersecting the segmented tissues 
with the above sub-ROIs. A sample of ROIs is 
shown in Figure 1. 

To define the four quadrants, the software 
uses three reference points automatically cal-
culated from segmentation data: the two cent-
ers of mass of the vitreous bodies and a point 
(named X) located 1.3 cm behind the substan-
tia nigra and red nucleus center of mass. This 
distance was chosen empirically to represent 
the virtual intersection of the prolongation of 
the optical tracts. 

These points define a plane, taken as refer-
ence for the quadrants. Ideally this is the plane 
in which the eyes and the optical tracts lie. 
Then the quadrants are defined starting from 
this plane as explained below.

The software procedure first defines a plane 
a, passing through these three points and in-
cluding the path of the intra-orbital optical 
nerves. Subsequently, the software defines two 
additional orthogonal planes for each eye, in-
tersecting along the axis defined by the center 

intra-orbital fat tissue and the degree of exoph-
thalmos and the clinical activity score (CAS) in 
patients with dysthyroid ophthalmopathy.

Materials	and	Methods

MRI protocol

MRI studies were acquired at 1.5 Tesla 
(Philips Intera, Philips Medical Systems, Best, 
The Netherlands). Transverse single echo T1-
w conventional spin echo (CSE) (TR 600 ms, 
TE 15ms) and double echo T2-w/PD-w CSE 
(TR 2200ms, TE 15/90 ms) sequences with the 
same geometry (field of view (FOV) 240 mm, 
slice thickness 4 mm, matrix 256×256) were 
obtained on both normal controls and patients. 
Simulations of MRI studies were also per-
formed.

Patients, controls and phantoms

The study was performed in compliance 
with the guidelines of the Declaration of Hel-
sinki. Twelve patients (ten women and two 
men, mean age 47.2 years, standard deviation 
(SD) 10.4 years) with Graves’ ophthalmopathy 
of median disease duration 24 months, and 
12 controls (ten women, two men, mean age 
44.1 years, SD 7.1 years) were included in the 
study. All participants provided informed con-
sent to the procedure. The degree of exophthal-
mos (mm) was determined with reference to 
the interzygomatic line on axial MRI images. 
In patients, the clinical activity score (CAS) – 
taking into account pain, eyelid, erythema or 
edema, conjunctival hyperemia and chemosis – 
was assessed by thorough clinical examination.

Two operators (a neuroradiologist and an 
ophthalmologist) made a pre-selection of or-
bital regions on MRI images for subsequent 
segmentation of orbital structures. This pre-se-
lection consisted in manually creating a region 
of interest (ROI) comprising all orbital tissues, 
performed slice by slice on the transverse slices 
of the T1-w images. The aim was to divide ex-
tra-orbital from intra-orbital tissues.

A set of five brain MRI study simulations, 
based on a digital phantom described in Alfano 
et al. 13, was used for the validation study. This 
phantom was useful since it comprises most 
of the extracranial tissues, such as fat, mus-
cle, bone and vitreous useful to validate our 
method. Moreover the MRI simulation includes 
acquisition aspects that make the validation 
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Validation data

To validate the segmentation method, cal-
culations were performed for each patient, for 
each simulation and for each operator. Mean 
value, SD and coefficient of variation (CV) were 
calculated. Mean values were compared with 
the reference values measured on the model.

To assess the operator variability, the per-
centage difference between orbital fat meas-
urements was calculated for each orbit and for 

of mass of the eye and the point X, with 45° tilt-
ing compared with plane a. These four planes 
define the four quadrants for each eye. Finally, 
the volumes of fat, muscle and vitreous bodies 
are calculated for each quadrant of each eye ac-
cordingly. 

This is performed by the automated segmen-
tation method that separates muscle, fat, bone 
and vitreous. Data processing requires about 
ten minutes per study, to be summed to the 
manual ROI definition.

Figure 1  Example of manually selected ROIs. Left, top to bottom: sagittal, coronal and transversal orthogonal cuts of the 3D ROIs, 
divided into the four quadrants. Right, top to bottom: sagittal, coronal and transversal orthogonal cuts of the 3D ROIs, overlaid on 
a T1-w image using a simple channel masking method, showing ROI voxels in green.
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relation coefficients and the p values. A confi-
dence threshold of 0.01 was used. 

Results

Mean exophthalmos was 23.92 mm ± 3.74 
mm in patients and 16.84 mm ± 1.82 mm in con-
trols. Mean CAS was 1.83 mm ± 0.81 mm in pa-
tients. Table 1 reports the fat volumes of quad-
rants and orbits obtained from the model and 
the simulation. The first column shows the ref-
erence volumes as defined by the model. Mean 
values and SDs of the fat volumes as measured 
on the 20 orbits (five simulations × two orbits × 
two operators) are also reported in Table 1. The 
mean percentage operator difference in total 
fat volume measures (58 measures for each op-
erator) was 0.56 ± 4.91%. The mean orbital fat 
volume was 18.95 cc ± 4.27 cc for the patients, 
12.34 cc ± 2.25 cc for the controls and 11.48 
cc ± 0.47 cc for the simulations. The p values 
from one-sided unpaired t tests comparing the 
fat volumes for controls and patients assessed 
by operator 1 and operator 2 and the mean be-

all 12 patients, 12 controls and five simula-
tions. The mean values and the SDs were then 
calculated. To assess the differences between 
patients and controls, mean value and SDs of 
total fat volume for the patient orbits, control 
orbits and simulated orbits were calculated. 
One-sided unpaired t tests were performed to 
compare the control and patient volume meas-
urements for each quadrant and the whole or-
bit made by the two operators and the means 
of the operator values. Finally, the total fat 
volumes for patients and controls were linearly 
correlated with exophthalmos and CAS indices 
to give the coefficients of linear fitting, the cor-

Table	2		Fat volume (cc) t tests between controls and patients for each operator and for the mean operator.

Operator 1 Operator 2 Mean of operators

S L I M Tot S L I M Tot S L I M Tot

Patients
vs. NC 0.007 0.000 0.000 0.000 0.000 0.026 0.000 0.000 0.000 0.000 0.013 0.000 0.000 0.000 0.000

Table	1  Fat volumes (cc) in the reference study versus
measured values.

Reference Mean ± SD

Total 13.67 11.48±0.56

Superior 3.86 3.21±0.24

Lateral 2.20 1.88±0.09

Inferior 4.73 4.14±0.40

Medial 2.88 2.25±0.13

Figure 2  Plot of orbital fat volume (cc) versus exophthalmos 
(mm) along with the linear fitting data.

Figure 3  Plot of orbital fat volume (cc) versus CAS, along with 
the linear fitting data.
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decompression surgery to treat thyroid-asso-
ciated ophthalmopathy. Recently, the thera-
peutic value of orbital decompression has been 
extended to cosmetic requirements, the entity 
of congestive orbitopathy, ocular hypertension 
and hormonal resistance. Orbital decompres-
sion may be performed using a wide spectrum 
of surgical approaches and procedures, but the 
criteria for selection of the appropriate surgical 
technique have not been well defined. Hence, 
the surgical technique has largely been se-
lected by surgeon or institutional preference 
rather than specific patient characteristics. 
However, in recent years, to improve the safe 
and efficacy of orbital decompressions, there 
is a general tendency to design graded decom-
pression plans and find modified areas of bone 
and fat removal. The areas of bone removal are 
different combinations of medial, inferior and 
deep lateral wall decompression. There have 
also been technical advances in cosmetic inci-
sions such as trans-conjunctival, eyelid crease 
or endoscopic access. Removing peri-orbital fat 
may be performed alone 26,27 or as a supplement 
to bony decompression. The amount removed 
amount and indications should be strictly reg-
ulated and an individual operative project de-
vised. For these reasons we design a four quad-
rant scheme of division of the orbit to improve 
the understanding of orbital fat distribution 
in patients with dysthyroid orbitopathy. This 
four-quadrant scheme may allow surgeons a 
preoperative evaluation of the amount of fat to 
be removed to achieve good results. Eventually, 
the division of the orbit may constitute a rele-
vant anatomical landmark since each quadrant 
contains different critical structures such as 
nerve, muscle and vessels, which should be in-
cluded in the preoperative evaluation together 
with fat removal. Furthermore, given the in-
creasing interest in surgical approaches for fat 
removal to decrease the amount of exophthal-
mos, regional assessment of intra-orbital fat by 
dividing the orbits into four quadrants could be 
useful for more accurate surgical planning 12. 

MRI is routinely used to assess orbital struc-
tures and is preferred to CT because of its lim-
ited invasiveness. Volumetric assessment of 
intra-orbital tissue changes could be helpful 
for monitoring both disease changes over time 
and response to treatment. So far few volumet-
ric MRI studies of intra-orbital structures have 
been published 15-17, and none to our knowledge 
has included automated assessment of differ-
ent regions (quadrants) in the orbit.

Our results suggest that the proposed relax-

tween the two operators for each quadrant and 
whole orbit are reported in Table 2. Figures 2 
and 3 show the linear fitting between total fat 
volume (cc) and Exophthalmos (mm) and CAS, 
respectively, along with the linear fitting equa-
tion, the correlation coefficient and the p value. 

Discussion	and	Conclusions

The clinical symptoms and signs of Graves 
orbitopathy (GO) can be explained mechani-
cally by the discrepancy between the increased 
volume of the swollen orbital tissues and the 
fixed volume of the bony orbit. The expanded 
orbital tissues displace the globe forward and 
impede venous outflow from the orbit. These 
changes, combined with the local production 
of cytokines and other mediators of inflam-
mation, result in pain, proptosis, peri-orbital 
edema, conjunctival injection, and chemosis. 
Computed tomographic scans show that most 
patients with GO have enlargement of both 
the orbital fat compartments and the extra-
ocular muscles and that others appear to have 
involvement of only adipose tissue or extra-oc-
ular muscle. Therefore Graves’ orbitopathy ap-
pears to be a multifactorial disease rather than 
a unique entity. 

It is well known that the extra-ocular mus-
cles (EOM) are enlarged in dysthyroid oph-
thalmopathy leading to proptosis and diplopia. 
This can be easily observed clinically 18,28 or by 
imaging techniques as ultrasonography 19, x-ray 
computed tomography (CT) 20,28 and magnetic 
resonance imaging (MRI) 21.

Increased orbital tissue volume, leading to 
exophthalmos, could also be due to expansion 
of the orbital fatty tissue. Quantitative evalu-
ation of orbital fat volume in dysthyroid oph-
thalmopathy has been done with CT 22. MRI 
studies of dysthyroid ophthalmopathy patients’ 
characteristics concluded that in absolute val-
ues the increment of orbital fat volume was 
larger than that of all EOM together, implying 
that orbital fat volume change is an important 
contributor to exophthalmos 23. In addition, se-
verity of proptosis appears to be more closely 
related to the orbital adipose and connective 
tissue volume than to muscle volume. This 
expanded adipose tissue volume results from 
both hyaluronic acid-related edema and the 
emergence of a population of newly differenti-
ated fat cells within these tissues 24,25.

Compressive optic neuropathy and exposure 
keratopathy are classical indications for orbital 
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to assess the disease extent and changes over 
time. Although our proposed method appears 
to be reliable and accurate for the estimation 
of intra-orbital fat, we should still take into 
account a series of potential limitations. Con-
sidering the potential routine clinical applica-
tion, the method (although far more rapid than 
fully manual methods) is still time-consuming, 
requiring up to 10-15 minutes for each study 
for manual pre-definition of the orbital regions 
prior to the application of the segmentation 
procedure. Another limitation is that our seg-
mentation procedure requires two conventional 
spin echo acquisitions with relatively longer 
acquisition times than faster magnetic reso-
nance sequences. Finally, although our acqui-
sition procedure used relatively thick slices (3 
mm) the measurement accuracy was still ac-
ceptable, with strong correlation coefficients 
and good t test results even for the quadrants 
considered alone. The method described could 
be useful for both planning of surgical removal 
of excess orbital fat and for follow-up studies. 
Future improvements will relate to the devel-
opment of a new segmentation strategy based 
on three-dimensional fast sequences to obtain 
high-resolution data. 

ometric/geometric semi-automated segmenta-
tion approach could be helpful for the quanti-
tative assessment of orbital fat tissue volume. 
The total fat volume CV for phantom segmen-
tation was below 5%, suggesting our segmenta-
tion procedures, ROI definition procedure and 
post-processing software are accurate and re-
producible. The difference in measured versus 
real volumes could be explained by the partial 
volume effect between bone and fat at the orbit 
edges, resulting in underestimation of the or-
bital fat. The mean percentage operator differ-
ence for the results obtained by the two opera-
tors with different skill levels showed the ro-
bustness of the proposed method, as the results 
obtained by the operators were similar.

The comparison of fat volumes from pa-
tients and controls, using the t test, showed a 
highly significant separation of the two popu-
lations. Moreover, although we used absolute 
volumes resulting in high CVs (due to the 
high variability among both patients and con-
trols) significant correlations were found be-
tween the amount of fat tissue and both the 
degree of exophthalmos and the CAS. Taken 
together, these findings suggest that the pro-
posed method is reliable and potentially useful 
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