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INTRODUCTION

Isolated orbital fracture—also known as pure blow-out frac-

ture—is one of the most commonly encountered types of facial 
fracture because of the vulnerability of the orbit to external im-
pacts, as well as the structural weakness of the thin bony layers 
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[1]. These fractures may cause volumetric expansion of the or-
bital cavity and a shift of the intraorbital contents, resulting in 
diplopia, restricted eye movement, disturbances in visual acuity, 
and enophthalmos [1-5].

The conventional surgical criteria for open reduction followed 
by orbital reconstruction in cases of orbital fractures are the pres-
ence of the following symptoms and signs: diplopia with limita-
tion of extraocular movement due to muscle entrapment, radio-
logic evidence of extensive fracture, and significant enophthal-
mos [2,6]. Among these surgical indications, the possible devel-
opment of late enophthalmos has been regarded as one of the 
most significant factors favoring surgical intervention [1,7,8].

Therefore, numerous trials have been conducted to predict the 
degree of enophthalmos based on the 2-dimensional (2D) or-
bital defect area or the 3-dimensional (3D) expanded volume of 
the orbit [2,5,8-11].

Previous studies have revealed that the size of the calculated or 
measured 2D orbital defect on a preoperative CT scan was pre-
dictive of subsequent enophthalmos. Manson et al. [2] elucidat-
ed that an orbital defect over 2 cm2 could lead to a significant 
posterior globe displacement of more than 3 mm. Volumetric 
analyses have demonstrated that a 5% increase in the total orbit-
al volume can be considered sufficient to result in clinically sig-
nificant enophthalmos [2,10].

Recently, a novel 3D software tool providing a practical way to 
measure the orbital defect area and 3D volume was introduced 
to translate stacks of 2D image data created by scanning systems 
into 3D objects [12,13].

However, to the best of our knowledge, no reports have evalu-
ated the correlations between 2D and 3D parameters in orbital 
wall fractures using 3D image processing software. Herein, we 
provide a statistical analysis of the correlations between the cal-
culated and measured 2D extent of orbital defects and the 3D 
volume measurements of the herniated orbital content. 

METHODS 

In this retrospective study, 60 patients with unilateral isolated 
orbital wall fractures from January 2014 to June 2016 were in-
vestigated using radiologic and medical records. Patients with 
combined fractures that could potentially influence the volume 
of the orbit, such as zygomaticomaxillary fractures, frontal sinus 
fractures involving the orbital roof, and bilateral orbital bone 
fractures were excluded. The subjects were divided into 2 
groups: group I (n = 30) included patients with an inferior blow-
out fracture and group M (n = 30) included patients with a me-
dial blow-out fracture. 

 The calculated 2D extent of the orbital defect, the measured 

2D area of the orbital defect, and the 3D volume of the herniat-
ed orbital content protruding through the orbital defect were 
estimated. The calculated 2D orbital defect was defined as the 
area obtained using the conventional formula [8]. The mea-
sured 2D orbital defect was defined as the surface area measured 
by computer-aided design (CAD) software capable of tracing 
the boundary of the orbital defect in a 3D rendering model. The 
estimated 3D herniated orbital volume was defined as the 3D 
volumetric value of the herniated orbital content obtained using 
3D processing software.

Statistical analysis was performed to identify the correlations 
among the calculated 2D defect, the measured 2D defect, and 
the 3D volume of the herniated orbital content.

Computed tomography scans and 3D model rendering
Targeted axial and coronal sections were obtained from the raw 
data generated by computed tomography (CT) scans (SO-
MATOM definition flash; SIEMENS, Munich, Germany). The 
CT scans were evaluated at the time of trauma. The mean inter-
val from the time of trauma was 0.32 ± 0.93 days. The CT data 
were converted to the Digital Imaging and Communications in 
Medicine format and transferred to the Department of Biomed-
ical Engineering. Image processing and 3D rendering was per-
formed in Mimics ver. 17.0 (Materialise, Leuven, Belgium). For 
the 3D rendering, segmentation of the CT scan was performed, 
in which specific elements were separated and structures out-
side of the scope of the current study were removed. Based on 
the specific values of Hounsfield units (HU) for organic sub-
stances, the bony orbit and orbital soft tissue were selected semi-
automatically using the threshold interval tool in the software 
(1,000 HU for bone and −100 to −50 HU for orbital fat) [14]. 
After manual editing of the segmentation was performed to re-
duce the presence of artifacts, the 3D-rendered orbital and her-
niated orbital volume models from the coronal and axial planes 
were fused via CAD software (3-matic Research 9.0, Materi-
alise) using the same anatomical landmarks. 

Calculated 2D orbital defect
The 2D defect of the orbital wall seen on this targeted sectional 
view was calculated using the conventional formula [8]. The 
major axis was defined as the distance between the anterior and 
posterior ends of the defect, and the minor axis was defined as 
the distance between the medial and lateral ends. The boundary 
of the defect was confirmed on the fused 3D orbital model, and 
the length was obtained using the measurement tool in the 
CAD software package (3-matic Research 9.0, Materialise) (Fig. 
1A, B).
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 Calculated 2D defect = π × the length of the major axis × the 
length of the minor axis × 1/4

Measured 2D orbital defect and estimated 3D orbital 
volume using 3D image processing software
The measured 2D orbital defect was determined using CAD 
software (3-matic Research 9.0, Materialise) to analyze the 
fused 3D rendering orbital model. The defect area was visual-
ized in various viewing directions by manually controlled rota-
tion of the 3D orbital rendering model. The boundary of the 
defect area was marked manually in accordance with the appro-
priate HU levels, and a virtual surface was made along the defect 
boundary via CAD software (3-matic Research 9.0, Materi-
alise). The size of the measured 2D extent of the orbital defect 
was automatically obtained via pixel counting within the soft-
ware package (Fig. 1C, D) [15].

The 3D volume of the herniated orbital content was estimated 
using the standard voxel gradient shading rendering technique 

provided in the software package. Volume was measured using 
segmentation that traced the herniated orbital content in both 
the axial and coronal sections. The boundary of the herniated 
orbital content was defined by a segmented bony orbit. When 
bone was missing on CT scans, a line was demarcated within 
the extent of the orbital volume, which was confirmed and sepa-
rated from the hematoma semi-automatically using the HU 
threshold interval tool in the software package (Fig. 2A, B). The 
3D-rendered herniated orbital content model was fused using 
CAD software. The area of the outline of each slice was mea-
sured, and the volume was estimated by an automated process 
via the 3D processing software. Two independent investigators, 
a physicist and a plastic surgeon, performed the measurements 
to ensure that the evaluation was objective (Fig. 2C, D).

Statistical analysis
To elucidate the correlation between the 2D extent of the orbit-
al defect (calculated and measured) and the 3D volume of the 

Fig. 1. Calculated and measured 2D extent of defects

The 2-dimensional (2D) extent of orbital defects was calculated using the conventional formula in group I (A) and group M (B). The major axis 
length and minor axis length were measured using the 3-dimensional measurement tool in a computer-aided design (CAD) software package 
(3-matic Research 9.0, Materialise). The 2D extent of the orbital defect was measured using the virtual surface (yellow) in an automated process 
in the CAD program in group I (C) and group M (D). The boundary of the defect was confirmed in various viewing directions by manually con-
trolled rotation. 
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herniated orbital content protruding through the orbital defect, 
statistical analyses using SPSS ver. 20 (IBM Corp., Armonk, NY, 
USA) were performed. The normal distribution of the 2D pa-
rameters was confirmed using the Shapiro-Wilk test. Data were 
assessed for significance using the independent t-test. Correla-
tions between the 2D and 3D variables were evaluated using the 
Pearson correlation coefficient. P-values < 0.05 were considered 
to indicate statistical significance. 

RESULTS

The mean age of patients was 40.57 ± 18.65 years (range, 5–81 
years). Forty-four patients were male and 16 were female. Of the 
patients, 42 had left-sided orbital fractures and 18 had right-sid-
ed orbital fractures.

The normal distribution of the 2D extent of the orbital defects 
(both calculated and measured) was confirmed using the Shap-
iro-Wilk test (P > 0.05).

The average calculated 2D extent of the orbital defect in group 
I was 2.27 ± 1.08 cm2 (range, 0.64–4.25 cm2), and that of the 
measured 2D area was 3.23 ± 1.38 cm2 (range, 1.38–7.02 cm2). 
In group M, the average calculated 2D extent of the orbital de-
fect was 2.29 ± 1.06 cm2 (range, 0.81–4.36 cm2), and that of the 
measured 2D area was 2.91 ± 1.04 cm2 (range, 0.92–4.58 cm2). 
The calculated and measured values of the 2D orbital defect dif-

fered to a statistically significant extent (P < 0.001) (Table 1).
The estimated 3D volume of the herniated orbital content in 

group I was 3.50 ± 3.15 cm3 (range, 0.33–13.81 cm3), while in 
group M it was 2.64 ± 1.88 cm3 (range, 0.37–6.64 cm3) (Table 2).

Jin et al. [8] concluded that 2D defects larger than 1.9 cm2 
were correlated with orbital herniation volumes of 0.9 cm3, 
which could result in clinically significant enophthalmos (over 2 

Fig. 2. Estimated herniated orbital content (3D)

For the 3-dimensional (3D) rendering, multiplanar segmentation was performed (coronal, axial, and sagittal) in group I (A) and group M (B). The 
bony orbit (green) and herniated orbital soft tissue content (red) were selected using the Hounsfield unit threshold interval tool in the 3D pro-
cessing software (Mimics 17.0, Materialise). The 3D rendering models with fused multiplane radiologic data derived from the CAD software 
(3-matic Research 9.0, Materialise) and estimated 3D herniated orbital volume were computed using automated processes in the software pack-
age (3-matic Research 9.0, Materialise) (C, D).
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 Group
Extent of 2D defect (cm2), mean±SD

Calculated 2D 
extent 

Measured 2D 
extent P-valuea)

Group I (n=30) 2.27±1.08 3.23±1.38 <0.001
Group M (n=30) 2.29±1.06 2.91±1.04 <0.001

  2D, 2-dimensional; SD, standard deviation.
  a)T-test, P<0.001.

Table 1. Differences between the calculated and measured 
2D extent of the defects

 Group Estimated 3D volume (cm3), mean±SD

Group I (n=30) 3.50±3.15 (range, 0.33–13.81)
Group M (n=30) 2.64±1.88 (range, 0.37–6.64)

  3D, 3-dimensional; SD, standard deviation.

Table 2. The estimated 3D volume of the herniated orbital 
content
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mm). According to this criterion, 16 of the 30 patients in group 
I and 18 of the 30 patients in group M had clinically large de-
fects (with a calculated 2D extent greater than 1.9 cm2), and 25 
of the 30 patients in group I and 27 of the 30 patients in group 
M showed a significant 3D herniated volume ( > 0.9 cm3) (Figs. 
3A, 4A). Based on the measured 2D extent, 26 of the 30 pa-
tients in group I and 25 of the 30 patients in group M had clini-
cally large defects ( > 1.9 cm2), and 25 of the 30 patients in 
group I and 27 of the 30 patients in group M showed a signifi-

cant 3D herniated volume ( > 0.9 cm3) (Figs. 3B, 4B).

Correlation between the calculated or measured 2D 
extent of the orbital defect and the estimated 3D volume 
of herniated orbital content 
In group I, the correlation between the calculated 2D extent of 
the orbital defect and the 3D volume of the herniated orbital 
content was statistically significant, with a Pearson correlation 
coefficient of 0.788 and an R2-value of 62.1%, and the corre-

Fig. 3. Correlations between 2D and 3D parameters, group I

In group I, the correlation between the calculated 2-dimensional (2D) extent of the defects and the estimated 3-dimensional (3D) volume (A) had 
an R2-value of 62.1%, while the measured 2D extent and 3D volume (B) had an R2-value of 54.6%.
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Fig. 4. Correlations between 2D and 3D parameters, group M

In group M, the correlation between the calculated 2-dimensional (2D) extent of the defects and the estimated 3-dimensional (3D) volume (A) 
had an R2-value of 32.2%, while the measured 2D extent and 3D volume (B) had an R2-value of 46.4%.
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sponding values for the correlation between the measured 2D 
extent and the 3D volume were 0.739 and 54.6%, respectively 
(P < 0.05) (Table 3).

In group M, the correlation between the calculated 2D extent 
of the orbital defect and the 3D volume of the herniated orbital 
content was statistically significant, with a Pearson correlation 
coefficient of 0.568 and an R2-value of 32.2%, and the corre-
sponding values for the correlation between the measured 2D 
extent and the 3D volume were 0.682 and 46.4%, respectively 
(P < 0.05) (Table 3).

DISCUSSION

Most orbital fractures involve the medial orbital wall, orbital 
floor, and infraorbital groove and/or canal [16,17]. Conserva-
tive care is indicated for patients with good ocular motility and 
minimal displacement of the orbital content. On the contrary, 
surgical intervention should be considered for patients with a 
severely limited gaze, entrapment of the extraocular muscle, or 
predictable enophthalmos [6]. According to previous reports, 
enophthalmos of more than 2 mm may cause recognizable cos-
metic problems [18]. In the early post-traumatic period, howev-
er, the degree of enophthalmos is difficult to predict due to con-
founding orbital edema. Therefore, it is crucial to predict the 
late development of enophthalmos in order to determine 
whether surgery is indicated [19].

Early studies investigating whether enophthalmos could be 
predicted focused on the 2D extent of the orbital defect, either 
calculated or measured. Manson et al. [2] reported that orbital 
defects of 2 cm2 could cause significant enophthalmos, while 
Sung et al. [7] showed that a defect of 2.75 cm2 could result in 
late enophthalmos of 2 mm.

Since the computerized pixel-counting technique for orbital 
volume measurement was introduced by Bite et al. [10], subse-
quent reports have emphasized volumetric changes in attempts 
to predict the development of late enophthalmos. Whitehouse 

et al. [9] reported that a 1.0 cm3 increase in the orbital volume 
induced 0.77 mm of enophthalmos within 20 days after the ini-
tial injury. Fan et al. [5] reported a linear correlation between 
the increment of orbital volume and the degree of enophthal-
mos, with each 1.0 cm3 increment of orbital volume resulting in 
approximately 0.89 mm of enophthalmos. Recently, 3D pro-
cessing software has been used for a variety of applications, in-
cluding visualization, verification, measurements, analysis, cus-
tomized implant design, rapid prototyping, linkage to CAD 
findings, and surgical simulations [12,13,20]. 

However, no reports have elucidated the correlation between 
the 2D extent of orbital defects and the 3D volume of the herni-
ated orbital content. We hypothesized that if a significant posi-
tive correlation is present between these 2 parameters, then each 
is clinically meaningful for predicting possible late enophthal-
mos and determining whether surgery is indicated.

 Strongly positive correlations (Pearson correlation coefficient 
over 0.7) [21] between the calculated and measured 2D defect 
and 3D orbital volume of the herniated orbital contents in 
group I were found in this study (Pearson correlation coeffi-
cient, 0.788 and 0.739, respectively; P < 0.05). A moderate posi-
tive correlation between the calculated and measured 2D extent 
of the defects and the 3D volume of the herniated orbital con-
tent in group M (Pearson correlation coefficient, 0.568 and 
0.682, respectively; P < 0.05) was noted. However, the 2D ex-
tent of the orbital defect was not sufficient to reflect the 3D her-
niated orbital volume protruding through the defect, as indicat-
ed by the low to moderate R2 values ranging from 32.2% to 
62.1%.

According to the criteria of Jin et al. [8], our study revealed 
that 10 of the 14 patients (71.4%) in group I and 9 of the 12 pa-
tients (75%) in group M who had clinically small defects (calcu-
lated 2D extent less than 1.9 cm2) showed a significant 3D vol-
ume of herniated content ( > 0.9 cm3). Additionally, 1 of the 4 
patients (25%) in group I and 2 of the 5 patients (40%) in group 
M who had clinically small defects (measured 2D extent less 
than 1.9 cm2) showed similar results (Figs. 3, 4). These findings 
suggest that the 2D orbital defect—either calculated or mea-
sured—might not appropriately represent the herniated orbital 
volume. Therefore, the calculated or measured 2D extent of the 
orbital defect should be complemented with a 3D analysis of 
the volume of the protrusion to determine its clinical signifi-
cance.

Since Deveci et al. [20] reported measurements obtained us-
ing a 3D software program as an easy and accurate method of 
assessing the volume of the orbit by making a comparison of di-
rect measurements in 20 dry skulls, advanced 3D reconstructed 
imaging techniques have been introduced [9,12,20].

Location of fracture Pearson correlation 95% Confidence 
interval

Group I (n=30)
   Calculated 2D defect 0.788** 0.565 to 0.884
   Measured 2D defect 0.739** 0.499 to 0.862
Group M (n=30)
   Calculated 2D defect 0.568** 0.261 to 0.770
   Measured 2D defect 0.682** 0.426 to 0.836

  **P<0.05.

Table 3. Correlations between the 3-dimensional volume of 
herniated orbital content and the 2-dimensional extent of 
the defects
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However, those studies estimated the 3D volume using a sin-
gle-plane analysis with a reference plane on CT scans, and this 
technique was not able to avoid all potential sources of bias 
[7,22]. Kwon et al. [12] reported that measurements of the or-
bital volume using coronal CT scans underestimated the vol-
ume by 35.3% compared with the volume estimated using on 
the axial plane. 

In this study, segmentation of the bony orbit and herniated 
soft tissue was performed using the interactive HU threshold in-
terval in a semiautomatic manner. The physician selected the 
best threshold interval based on a visual analysis of the anatomic 
boundaries of the bony orbit and herniated orbital soft tissue. 
This technique is significantly faster and more reliable than 
manual segmentation and separation of herniated soft tissue 
from orbital bone. The mirror image of the uninjured bony or-
bit was used as a guideline to demarcate the boundary of the 3D 
volume on the defect surface. However, thin orbital walls may 
not be represented accurately in single CT scans. We applied 3D 
rendering models with fused multiplane radiologic data derived 
from the CAD software to overcome these drawbacks. Using 
3D rendered multiplane images, we identified and traced the re-
constructed orbital boundary to reduce measurement errors 
and to allow the accurate measurement of the 2D extent of the 
orbital defect and the 3D volume of the herniated content in or-
bital fractures.

Conventional orbital volume analysis has focused on deter-
mining the expansion ratio of the injured orbital volume com-
pared with the uninjured orbital volume [2,5]. However, the 
normal variation between the volumes of the bilateral orbits has 
been reported to be as high as 7%–8% [23]. To minimize such 
volumetric differences, we traced the entire margin of the frac-
tured orbit and then used the mirror image of the uninjured or-
bit to obtain the herniated orbital volume. 

Our study classified orbital wall fractures into medial wall frac-
tures and floor fractures. This classification was designed to ac-
count for the anatomical differences between the medial and in-
ferior walls. Previous anatomical studies have shown that the 
medial wall is reinforced by the ethmoid air cells, whereas the 
orbital floor overlies the maxillary sinus, which has no reinforc-
ing structures [1,8,12]. This may cause orbital wall fractures in 
the medial and inferior walls to be different, even in response to 
a similar trauma. Yano et al. [16] reported that punched-out 
fractures were the most frequent type of orbital blow-out frac-
ture affecting both the medial wall and the floor, while the burst 
type occurred more often in the floor. Rhee et al. [24] reported 
that the punched-out fracture type showed a significant tenden-
cy to be larger than trap-door fractures in terms of both area and 
volume. These studies support the possibility that the relation-

ship between the 2D extent of the defect and the 3D orbital vol-
ume could be different between these 2 groups because the dif-
ferent anatomy of these regions may lead to different fracture 
types.

Our study has some limitations. First, the 3D fused rendering 
model using multiplane CT scans may require expensive 3D 
processing software. Second, 2D and 3D measurements would 
be difficult to obtain in cases of extensive orbital wall fractures 
including the anatomical landmark of the orbital bony strut. 
Third, the orbital volume may have been overestimated because 
the CT scans were evaluated at the time of injury and the soft-
tissue swelling had not yet fully subsided. Fourth, correlations of 
the 2D and 3D parameters with enophthalmos were not ana-
lyzed. 

Nonetheless, our study is of significance, as it revealed that the 
2D extent of orbital defects—either calculated or measured—
was not able to adequately represent the 3D volume of the her-
niated orbital content protruding through the orbital defect. 
Therefore, combining an assessment of the 2D extent of the or-
bital defect with an estimation of the 3D volume of the herniat-
ed orbital content would be helpful in determining whether sur-
gery is indicated and in ensuring satisfactory surgical outcomes 
in procedures performed to treat isolated orbital wall fractures.
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