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Restoration of the inferomedial orbital strut using a
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Abstract

The inferomedial orbital strut (10S) is the thin bony junction of the orbital medial wall and floor. Its fracture is
common and leads to serious complications, including enophthalmos, globe dystopia and diplopia. However,
anatomical restoration of the 10S is challenging owing to reduced structural support; sound anatomical
background and accurate implants are therefore essential. The aim of the present study was to incorporate
data from cadaveric orbit anatomy into three-dimensional (3D) printing technology and to reconstruct the
complex orbital fracture elaborately. After averaging the data from computed tomography (CT) images of 100
adult cadavers, the dimensions of the 10S were extracted, and a tangent sphere was created using a computer-
aided design program. The curves were compared with the CT data of 10 adult patients from the simulation
test. Based on these data, a standardized 3D implant, 1.15 mm thick, was designed using polycaprolactone. The
implant was placed in five patients with complex orbital fractures. The radius of the sphere in contact with the
orbit, measuring 33.54 mm, was confirmed to be appropriate. A comparison between the normal side volume
(V0) and the postoperative volume (Vpost) showed that they were statistically similar. Furthermore, a
comparison between VO and the preoperative volume (Vyee), and Vo compared with V. also showed a
statistically significant difference (P < 0.05). On follow-up, the preoperative ocular symptoms were resolved.
The orbital data obtained from 100 cadavers provided standardized orbital anatomy, and 3D printed implants
were created. The implants were anatomically accurate with regard to the orbital cavity and adequately
covered the simulation model. The implant also showed satisfactory results when applied clinically in actual
patients.
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Introduction

The inferomedial orbital strut (IOS) is the thin, triangular
bony junction of the orbital medial wall and floor (Yao
et al. 2016). The orbital medial wall and floor are the two
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most frequently fractured sites of the orbit (Hur et al. 2015),
and complex fractures involving the 10S are common
(Manolidis et al. 2002; Gooris et al. 2017). The I0S repre-
sents a crucial anatomical area in the orbit, and its fracture
can result in serious and visible enophthalmos, globe dysto-
pia and diplopia (Goldberg et al. 1992; Wright et al. 1999;
Jordan & Anderson, 2000; Stathopoulos & Ameerally, 2018).
Reconstruction of the supportive bony structures from
the orbital medial wall through the 10S to the floor is cru-
cial (Burnstine, 2003; Jaquiery et al. 2007; Gart & Gosain,
2014; Bartoli et al. 2015); however, anatomically precise
restoration of the 10S is challenging because the I0S is a
conceptual structure consisting of the maxillary bone, aer-
ated ethmoid bone and palatine bone; its thickness and
hardness vary depending on the location (Kim et al. 2002).
As the fracture of the 10S leads to lack of structural support,
appropriate placement of the implant is compromised (Su &
Harris, 2006; Hur et al., 2015). Precise anatomical knowledge
of the 10S is therefore essential for restoration of the orbit.
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In the present study, anatomical restoration of the frac-
tured 10S was attempted by creating a suitable implant
using three-dimensional (3D) printing technology. The orbi-
tal implant created reproduced the curvature of the 10S
using anatomical data, which were established by standard-
izing radiological images of 100 cadavers.

Materials and methods

Analysis of the orbital inferomedial curvature based
on Korean standard data

Standard data were established based on the data obtained from
the computed tomography (CT) images of 100 samples from Korean
adult donors (50 men and 50 women) provided by the Korea Insti-
tute of Science and Technology Information (KISTI; Seung-Ho et al.
2006; http://dk.kisti.re.kr).

The donated cadavers, which had no bone damage, were
donated to nine university hospitals. The mean (range) ages at
death were 50.3 (21-60) years for the men and 54.3 (27-60) years
for the women, and the mean (range) heights were 166 (159-
178) cm for the men and 156 (146-166) cm for the women. These
were within the range of Korean standards.

Four-channel CT was performed at intervals of 1 mm to obtain
cross-sectional images, and a 3D human model was established for
male and female bones by KISTI. Each of the individual bone shape
models adopted an averaging technique sequence to identify the
centre of mass, alignment of direction, scaling, and averaging to
produce an averaging model for the skeletons of men and women.
An averaged individual bone shape model was reconstructed to suit
the anatomical locations in order to build a sample skeleton model
of the average male and female Korean.

Thereafter, 3-matic (Materialize, Belgium), a 3D computer-aided
design program, was used to extract the dimensions of the 10S from
the orbital medial wall to the floor of the skull, including the orbi-
tal surface of the maxilla, lacrimal bone, ethmoid bone, sphenoid
bone, palatine bone and zygomatic bone. Using the standard data,
a sphere in contact with the 10S was created, and the radius was
measured (Fig. 1). After calculating the mean curvature from the
measured radius, a standardized sphere was generated.

The present study was approved by our institutional review
board (Catholic Medical Centre Office of Human Research Protec-
tion Program; KC18RESI0384).
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Simulation of the standardized implant

To verify the reliability of the averaged curves reflecting the shape
of the IOS, the generated sphere was simulated by applying it onto
the patient model based on the CT data of normal adults (five men,
five women) who had no trauma or disease above the neck. Using
the 3D image-processing software Mimics (Materialize), the skull,
including its orbit, was visualized in three dimensions, and the stan-
dardized sphere was simulated by being placed on the 10S of the
orbit. Through standardized modeling, the implant design was
expanded from the curvature to the medial wall and floor. The dis-
tance between each point of the implant and the simulation model
was measured to determine the accuracy of the fit and to verify the
appropriateness of the implant design on the orbital wall.

Production of the Korean standardized orbital mesh
implant using 3D printing technology

The standardized implant was 1.15 mm thick and was created with
3D printing technology (TnR Mesh [Orbital type]; T&R Biofab Co.,
Ltd, Seoul, Korea) using the biocompatible polymer, polycaprolac-
tone (PCL), which is non-toxic, absorbable and absorbent (Cho,
2014; Teo et al. 2015). PCL implants are radiolucent and semi-rigid
materials with structural stability.

Clinical application

The fabricated implant was applied in patients with orbital complex
fractures, as confirmed on the CT or during surgery. Surgery was
performed via subciliary and transcaruncular approaches under
general anesthesia.

After the subciliary skin was incised, the septum was dissected
from the orbicularis oculi muscle toward the infraorbital rim. Then,
a transcaruncular incision was created between the orbital septum
and Horner’s muscle down to the periosteum. The periosteum was
subsequently incised at 2 mm below the arcus marginalis, and
access was gained to the fracture site in the orbital floor. Then, sub-
periosteal dissection was extended via the 10S to the orbital medial
wall. This combined incision provided a wide opening for the surgi-
cal field and avoided detaching the inferior oblique muscle. After
restoring the herniated soft tissues, the 3D-printed implant was
inserted in the subperiosteal layer, and layer-by-layer closure was
performed.

Fig. 1 (a) Korean male and female standard
skull model. (b) Measurement of the radius of
the sphere to contact the orbital wall using
standard skull models of males and females.

i [Colour figure can be viewed at wileyonlinelib
rary.com]
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To analyze the outcome of the surgery, the symptoms were eval-
uated before and after surgery, and orbital volume was measured
using CT at 3 days and 2 months after surgery.

Results

Quantifying the shape of the orbital inferomedial
wall

The radius of the sphere in contact with the orbital wall
was derived from the standard data, and measured
33.54 mm and 33.13 mm among males and females, respec-
tively. The average radius of the sphere in contact with the
orbital floor simulated the normal adult CT data, measuring
32.93 mm and 32.49 mm among adult males and females,
respectively. As a result, the male-to-female ratio of the
standard skull model was 98.76%, and that in a normal
adult was 98.66% (Table 1). Although the radius was
slightly different, it was confirmed that the dimensions of
the sphere calculated for the males could fit the orbits of
both males and females (Fig. 2). When the standardized
model, designed by expanding to the medial wall, was sim-
ulated on the CT, it covered the orbits of both male and
female patients well (Fig. 3). In addition, a difference of
+ 200 pm was seen when the distance between the
implant and the actual orbit was analyzed (Fig. 4).

Application of the standardized implant

Based on this result, a standardized 3D implant was cre-
ated and applied to five patients with orbital complex
fractures. The mean (range) follow-up period was 20.8
(18-27) months. The preoperative symptoms were diplo-
pia accompanied by gaze discomfort and hypesthesia in
one case, diplopia accompanied by hypesthesia in one
case, and hypesthesia alone in two cases. The symptoms
were all resolved (Table 2). The preoperative and post-
operative CT were analyzed using Mimics (Materialize).
Using repeated-measures one-way ANovA, we compared
the normal side volume (V0) with the postoperative vol-
ume (Vpos) and found them to be statistically similar.
Using the same statistical approach, we identified statisti-
cally significant differences in VO compared to the pre-
operative volume (Vp), and V,. compared to Vpos
(P < 0.05; Fig. 5).

Table 1 Comparison of the radius of sphere measured in male and
female standard models and in the actual orbital wall of patients

Sphere radius from
real patients, mm

Sphere radius from real
standardized model, mm

Male 32.93 + 1.06 33.54
Female 32.49 + 1.02 33.13

© 2019 Anatomical Society
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Discussion

In the present study, orbital data obtained from 100 cadav-
ers were used to create 3D printed implants, which were
anatomically accurate and adequately covered by the simu-
lation model. The radius of the sphere in contact with the
orbit measured 33.54 mm, and was confirmed to be appro-
priate for the simulation model. The differences between
the preoperative (Vpre), postoperative (Vo) and normal
(VO) orbital volumes were compared. VO and V. were sta-
tistically similar, but the differences between VO and Ve,
and between V. and Vs Were statistically significant. On
follow-up, the preoperative ocular symptoms were
resolved.

Fractures of the 10S are seen frequently (Manolidis et al.
2002; Gooris et al. 2017) and can cause serious complica-
tions, including enophthalmos, orbital dystopia and double
vision (Goldberg et al. 1992; Wright et al. 1999; Jordan &
Anderson, 2000; Stathopoulos & Ameerally, 2018). The 10S
is the important area in the orbit consisting of the thin
bony junction of the orbital medial wall and floor (Yao
et al.,, 2016), and an anatomical understanding of the 10S is
essential for the reconstruction of the orbital bony struc-
tures (Burnstine, 2003; Jaquiery et al. 2007; Gart & Gosain,
2014; Bartoli et al. 2015).

The 10S is a conceptual structure consisting of adjacent
orbital bones (Kim et al. 2002). It is referred to as the inter-
nal buttress of the orbits and strengthens the connection of
the orbital medial wall and floor (Cornelius et al. 2014). It
can be divided into three portions; the anterior 10S is
formed by the maxillary bone with a small portion of the
lacrimal bone, the midportion of the IOS is the junction of
the maxillary bone and ethmoid bone, supported by the
aerated ethmoid bone, and the posterior 10S is a triangular
bone formed by the junction of the palatine and ethmoid
bones, supported by the palatine bone. The total (range)
length of the 10S, as measured from the orbital rim to the
posterior margin of the palatine bone, was 37.6 (34-41) mm
(Kim et al. 2002).

The orbital fracture is reconstructed with the aim of
restoring the normal orbital volume by placing the frac-
tured segment in an anatomically appropriate position.
However, it is challenging to restore the delicate anatomy
of the orbit precisely (Kim et al. 2002). It is essential to
adapt the shape and position of the implant precisely to
the premorbid bony contour (Stoor et al. 2014) because the
accurate insertion of the implant allows restoration of opti-
mal orbital volume and accurate form and position of the
eye.

Inorganic implants, such as metal or polymer implants,
have been used in the reconstruction of the orbital frac-
ture (Ono et al. 1994; Cordewener et al. 1996; Dietz
et al. 2001; Tuncer et al. 2007; Xu et al. 2009) Although
the shape of the implant can be easily tailored, it is
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Fig. 2 (a) Process of visualizing the two-dimensional data from the computed tomography of the patient as a three-dimensional (3D) model. (b)
Comparison between Korean standardized orbital mesh implant and 3D simulation model. [Colour figure can be viewed at wileyonlinelibrary.com]

difficult to bend it accurately to achieve the exact con- enophthalmos, exophthalmos or restricted globe move-
tour as that before the injury. Inaccurate insertion of the ment (Shin et al., 2013). In addition, insertion and with-
implant can lead to complications, such as diplopia, drawal of the implant several times to determine the
(a) n(b) :

Korean standard-type Male Female
Orbital mesh implant

Fig. 3 (a) Korean standard-type orbital implant manufactured using a three-dimensional (3D) printer. (b) Comparison between the Korean stan-
dardized orbital implant and 3D model of actual patients. [Colour figure can be viewed at wileyonlinelibrary.com]
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Koreans using triangular points of implant. (a)
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of actual patients using numerical data. -0.4
[Colour figure can be viewed at wileyonlinelib

rary.com] -0.6

accuracy can result in an iatrogenic injury to the sur-
rounding tissue (Kim et al. 2017).

Engineering techniques, including a rapid prototyping
(RP) model, a mirrored patient-specific implant (PSI), and 3D
printing technology, have been introduced in medicine to
obtain a more precise implant contour (Hassfeld & Muhling,
2001; Metzger et al. 2006; Lieger et al. 2010; Stoor et al.
2014; Kozakiewicz, 2014; Gander et al. 2015; Oh et al. 2016;
Cha et al. 2017; Kim et al. 2017; Vignesh et al. 2017) RP and
a mirrored PSI are highly applicable to surgery because they
easily produce a complex structure similar to an orbital
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cavity. Aseptic treatment of the RP contour model is fol-
lowed by intra-operative molding and bending of the
implant material, such as titanium, to obtain a customized
implant with a precise contour that is applied at the frac-
ture site (Vehmeijer et al. 2016; Kronig et al. 2016; Oh et al.
2016; Kim et al. 2017). A mirrored PSI is obtained by 3D
reconstruction of the fractured orbit using the mirrored
normal orbit as a template (Gander et al. 2015).

Although RP and mirrored PSI can be used more accu-
rately than implants that require manual bending, they
require the creation of a contour model before surgery,

Table 2 Results among patients who applied standardized three-dimensional printing implant.

Patient number VO, mm?3 Vores mm?3 Vpost mm?3 Preoperative symptoms Postoperative symptoms  Follow-up period
1 24 812 28 543 25 980 (-) (-) 3

2 28 342 32 318 30 880 Gaze discomfort, diplopia () 10

and hypesthesia

3 25 222 28 529 25 167 Hypethesia -) 1

4 21788 24 166 22 882 Hypethesia Hypethesia 2

5 23 602 31 105 25 412 Diplopia, hypesthesia Hypethesia 2

Mean 24 753.20 28 932.20 26 064.20 3.6

Abbreviations: VO, normal side volume; V., preoperative volume; Vs, postoperative volume.
P 3

© 2019 Anatomical Society


www.wileyonlinelibrary.com
www.wileyonlinelibrary.com

928 3D printing implant for orbital fracture, J. H. Kim et al.

*
* r—‘
30000
"’E é
£ 20000-
]
£
=
< 10000
0 1 1 I

VO Vp re vpost

Fig. 5 Analysis of orbital volume in preoperative and postoperative
computed tomography. According to the result of repeated measured
one-way Aanova, normal side volume (VO) and postoperative volume
(Vpost) were similar, but differences between VO and preoperative
volume (Vpre), as well as Ve and Vpos: Were significant (P < 0.05).

resulting in additional cost and preparation time. Further-
more, engineers need to be involved to produce an individ-
ualized model for each procedure. Because an orbital
fracture is a common facial fracture, a ready-made stan-
dardized implant with a precise anatomical contour is
advantageous for practical application without additional
cost, time and labor. The focus of the present study, there-
fore, was on obtaining the anatomical dimensions of the
orbit, especially of the complicated structure of the 10S,
because a ready-made implant is needed to overcome the
lack of structural support in the fractured I0S (Su & Harris,
2006; Hur et al. 2015).

It began with the extraction of the shape of the 10S from
an average skull model. The Korean standard data were
obtained from the Korean Human Model Database (http:/
dk.kisti.re.kr) at the KISTI (Seung-Ho et al. 2006). The orbit
medial wall through the 10S and orbital floor were
extracted from the Korean standard data of the skull using
3-matic (Materialize), and the implant was designed so that
the contour would precisely fit onto the surface of the
orbit. The standardization was confirmed through a simula-
tion model, and this implant was found to have the same
benefits as creating an implant with a premorbid CT scan.
This design can be mass produced and standardized to meet
the characteristics of Korean patients; it also reduces the
manufacturing time, cost and manpower, and can be
applied clinically.

The design of the implant conformed to the orbital med-
ial wall and floor in the simulation using the CT scans of
patients with orbital fractures. The 3D printing technology
allows the implant to be manufactured precisely shaped,
without any errors caused by manual bending. In addition,
compared to the conventional pre-bent implants using RP,
mass production is possible without additional labor, cost
and time.

Eventually, the status of the standardized implant is
between a manual-bending implant and PSI through RP.
However, it attempted to contain the anatomical accuracy
of the orbital cavity by reproduction of the orbital infero-
medial wall, including the 10S, and the results were derived
from simulation and actual patient surgery. Further, this is
the first study to incorporate cadaveric anatomy data into
3D printing technology. Clinical data are still scarce, and the
product of this study needs to be applied to more patients
with complex orbital fractures. Data from clinical environ-
ments can weigh the pros and cons of using the standard-
ized 3D-printed implant. This might be a satisfactory
bridging strategy until technological advancements make
in-house printing of the PSI possible.

Polycaprolactone is a non-toxic, degradable, biocompati-
ble and absorbent polymer that does not produce harmful
byproducts (Cho, 2014; Teo et al. 2015). It is approved by
the US Food and Drug Administration for use in various
devices for medical applications, including implants, drug
delivery devices, and sutures (Place et al. 2009; Stewart et al.
2018). PCL implants will disintegrate after more than
2 years (Gunatillake & Adhikari, 2003), stimulating osteoge-
nesis. Mesh implants made of PCL have ingrowth of
fibrovascular tissue before they are absorbed, leading to
reduced infection, exposure and dislocation (Dougherty &
Wellisz, 1994). PCL is non-abrasive and rarely shows extru-
sion. It is radiolucent and shows low restitution with semi-
rigid materials and structural stability. Many studies have
shown no difference in the results between absorbable and
non-absorbable implants in orbital wall reconstruction, and
no significant differences are seen in long-term follow-up,
which means that PCL is sufficient as an implant for orbital
reconstruction (Hwang & Kim, 2010; Baek et al. 2014).

In conclusion, the orbital data, extracted from 100 CT
scans of cadavers, provide standardized orbital anatomy
and are the basis for construction of 3D printed implants.
The design of the implants adequately covered the simula-
tion model and showed satisfactory results when applied
clinically in actual patients. It is anatomically accurate in the
orbital cavity and can provide a sufficient bridging strategy
until the in-housing printing technology of PSI is devel-
oped.
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