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Objective: To explore the potential viability and limitations of 3D printed models
of children with cleft palate deformity.

Background: The advantages of 3D printed replicas of normal anatomical speci-
mens have previously been described. The creation of 3D prints displaying pa-
tient-specific anatomical pathology for surgical planning and interventions is an
emerging field. Here we explored the possibility of taking rare pediatric radio-
graphic data sets to create 3D prints for surgical education.

Methods: Magnetic resonance imaging data of 2 children (8 and 14 months) were
segmented, colored, and anonymized, and stereolothographic files were prepared
for 3D printing on either multicolor plastic or powder 3D printers and multimate-
rial 3D printers.

Results: Two models were deemed of sufficient quality and anatomical accuracy to
print unamended. One data set was further manipulated digitally to artificially ex-
tend the length of the cleft. Thus, 3 models were printed: 1 incomplete soft-palate
deformity, 1 incomplete anterior palate deformity, and 1 complete cleft palate. All
had cleft lip deformity. The single-material 3D prints are of sufficient quality to
accurately identify the nature and extent of the deformities. Multimaterial prints
were subsequently created, which could be valuable in surgical training.
Conclusion: Improvements in the quality and resolution of radiographic imag-
ing combined with the advent of multicolor multiproperty printer technology will
make it feasible in the near future to print 3D replicas in materials that mimic the
mechanical properties and color of live human tissue making them potentially suit-
able for surgical training. (Plast Reconstr Surg Glob Open 2016,4:¢1029; doi: 10.1097/

GOX.0000000000001029; Published online 27 September 2016.)

left palate is an infrequent condition worldwide,
with a prevalence as an isolated finding of approxi-
mately 4.50 per 10,000 live births' and 6.64 per
10,000 births in conjunction with cleft lip deformity,? giv-
ing a combined total of approximately 10.14 per 10,000
births. The prime method of treatment involves definitive
surgical palatoplasty with long-term follow-up for evalua-
tion of growth and to determine the necessity of a return
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to theater in the event of further deformity.® As there are
few clinics available for medical students and surgical
trainees to attend and participate in, and cleft palate sur-
gery does not necessitate a long inpatient stay,” it is rare
that a medical student or surgical trainee will have the op-
portunity to appreciate the 3D nature of cleft palate pa-
thology and its management.

In the realms of surgical education, it is commonly ac-
cepted that the length and cost of a surgical case increase
when a junior surgeon (or resident) participates.”® The
more cases a surgical trainee has the opportunity to par-
ticipate in, the lesser effects they have on surgical times.
This is especially the case when the junior doctor is made
the primary surgeon for any case they are unfamiliar with.”
To create an adjuvant to intraoperative experience, and to
allow a greater access of teaching materials for the train-
ing surgeon, we have created a small series of 3D printed
models of children at the age of 8 and 14 months with vari-
ous forms of cleft palate using a combination of magnetic
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resonance imaging (MRI) and additive manufacturing or
3D printing technology. Recently, we have outlined meth-
ods for creating 3D printed models of normal anatomi-
cal cadaveric dissections® and have recently shown their
effectiveness in education of medical students in a double-
blind randomized trial.” A logical extension of these stud-
ies is to create 3D prints of patient bespoke pathology for
education at the surgical candidate level.

Although antenatal evaluation of craniofacial abnor-
malities has been performed using MRL! to our knowl-
edge no one has created a haptic 3D printed model of
a craniofacial abnormality at the postnatal stage, which
would be suitable for surgical trainee education. Imaging
postbirth also allows for greater accuracy compared with
current in utero imaging because of higher resolution
scanning, and size of the subject, which aids in distinguish-
ing pathology.

The aim of this study was therefore to create 3D print-
ed models of children with cleft palate deformities using
MRI scans, with a view to visualizing an incomplete cleft
palate deformity, a complete cleft palate deformity, and a
submucosal cleft palate deformity. Secondly, using emerg-
ing technology of multimaterial printing, we aimed to pro-
duce a prototype 3D replica of a cleft palate with a soft,
deformational material, which could be used as a training
model.

The initial step toward making these 3D cleft palate
models involved the acquisition of appropriate imaging
data. Ideally a combination of CT scan and MRI would
allow an accurate representation of hard and soft tissues,
respectively, making the process of thresholding, segmen-
tation, and modeling of the tissues and anatomical struc-
tures of interest easier. It is only by being able to segment
the data of interest from radiographic data that 3D model-
ing and printing can occur.

A search of Monash Health’s imaging database from
2003 to 2014 was conducted with the keyword search “cleft
palate” required in the reported results of the scans. The
availability of CT or MRI head scans in children under the
age of 12 months, however, was limited. The search was
subsequently expanded to include patients of less than
24 months of age, whereupon 6 MRI scans were found.
Each of these scans was performed for reasons other than
the patient’s cleft palate—the cleft itself was an incidental
finding on the MRI reports. These scans were deidenti-
fied by Monash Radiology and were transferred in DICOM
(Digital Imaging and Communications in Medicine) for-
mat, where the MRI scans could be analyzed further. The
scans were evaluated individually to determine whether
they were of satisfactory quality to create a 3D model. This
was determined by a trial upload to a computer program
with virtual modeling capabilities. From this trial, 2 scans
were identified as having satisfactory quality and resolu-
tion that would allow the creation of a 3D print model.
The first scan (Case 1) showed an incomplete soft-cleft
palate deformity. The patient was 14 months of age, and
the scan was taken for multiple congenital abnormali-

2

PRS Global Open * 2016

ties—including Joubert syndrome and cleft palate. The
second scan (Case 2) showed an incomplete hard-cleft
palate deformity. The patient was 8 months of age, with
the scan taken under sedation for evaluation of an undi-
agnosed musculoskeletal syndrome. Both of these scans
had a 1-mm slice thickness, with an interslice distance of
0.488 mm.

The software Mimics 17 (Materialise, Leuven, Belgium)
allows users to view each slice of an MRI scan in axial, cor-
onal, and sagittal planes, and to segment out regions or
tissues of interest. Within Mimics, the thresholding tool
was used to designate areas of the MRI image with gray
scale values representing the soft tissue and bone struc-
tures. Manual segmentation tools were used to edit the
threshold selection to remove the lower jaw and tongue,
so that the cleft was visible. Three-dimensional models of
the segmented regions were created using Mimics model-
ing tools. For these 2 models, a simple 2-part virtual model
was created—a lower jaw with tongue and the rest of the
head separately.

Creation of Artificial Case 3

In an effort to experiment with the capabilities of the
Mimics software, we chose to create a model (Case 3) with
a complete cleft deformity for 3D printing. To this end,
the incomplete hard-cleft palate deformity scan (Case 1)
was duplicated and segmented again. In this instance, we
purposefully segmented out and removed the posteriorly
fused palatal tissue—thus producing an artificial or digi-
tally created complete cleft deformity.

Once satisfied with the 3D rendering, the monochrome
3D model is then exported from Mimics as a stereolotho-
graphic file for coloring using specialist software 3D-Coat
(Pilgway, Ukraine), where the model was realistically col-
ored to define his or her skin, tongue, palate, and lips. Fi-
nal edits, including hollowing the models to reduce their
weight, and volume of consumables used in their print-
ing were performed using Geomagic (3D Systems, Rock
Hill, S.C.,). The finished product was exported as a PLY
file to the 3D printer (ZCorp Z650 or Projet 4500 [3D Sys-
tems, USA]). The digital models were also 3D printed in
a flexible material to give a more realistic soft-tissue feel.
To minimize the amount of 3D printing material needed,
the segmented models were cut using Geomagic to show
just the cleft area and upper lip, omitting the tongue, low-
er jaw, and remainder of the face and head. The model
surface was thickened to 3mm to allow for printing. The
models were printed on a multiproperty 3D printer, the
Connex J750 (Stratasys, Eden Prairie, Minn.,). These mod-
els consisted of a blend of Stratasys’ UV curing PolyJet Vero
(Stratasys, USA) hard plastic in a mix of magenta and yel-
low, and their clear rubber-like Tango Plus (Stratasys, USA)
material to produce models with a hardness of Shore 40
(Shore A scale).

Case 1 was an incomplete soft-cleft deformity (Fig. 1).
Case 2 was an incomplete hard-cleft deformity (Fig. 2).
Case 3 shows the artificially created complete soft- and
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Fig. 1. Image of the 3D print of Case 1 showing an incomplete soft-
cleft deformity.

Fig. 2. Image of the 3D print of Case 2 showing an incomplete hard-
cleft deformity. Scale shown here is the same for Figures 1-3.

hard-palate deformity (Fig. 3). Each model clearly showed
an element of cleft lip deformity. The final 3D printed
models showed the cleft palate deformities very clearly.
This was especially the case following our decision to digi-
tally subtract the lower jaw. The scans were also able to
show the structure of the nasopharynx and oropharynx
and the relation of the cleft deformities. The resolution
of the MRI was such that the individual palatal muscula-
ture was unable to be identified and digitally segmented,
and as a result the model shows a smooth continuation be-
tween the soft palate and hard palate. In regard to the oral
cavity itself, the dental alveoli could not be demonstrated.
The alveolar process appears smooth and edentulous.
The soft 3D printed models were printed at a Shore
hardness of 40, which allows them to deform under slight
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Fig. 3. Image of the 3D print of the digitally created Case 3 (com-
plete soft- and hard-palate deformity).

pressure with enough elasticity to spring back into shape,
similar to real soft tissue (Fig. 4). These models could
printed only be in a single color because of limitations
in the available colors of the soft 3D printing material,
though the accurate geometry meant that the anatomy
was clearly visible.

Current Uses in Surgery

Three-dimensional printing is impacting surgery and
patient management in a wide variety of ways, including
design of bespoke implants as well as presurgical plan-
ning,'"'? creation of scaffolds for soft-tissue defects,'? and
creation of prosthetics.’? Moreover, a recent systematic re-
view of the literature has shown that 3D prints have been
created internationally for presurgical planning in ortho-
pedic surgery, craniomaxillofacial reconstruction, breast
reconstruction,'® and neurosurgery.'*

In regard to cleft palate pathology, 3D virtual model-
ing is being used for reproduction of palatal musculature
mechanisms in adults' as well as to simulate velopharyn-
geal closure for research purposes.'® The creation of some
conservative methods of treatment for cleft palate, the use
of distraction osteogenesis, has also been evaluated and
put into practice using 3D modeling.'” None of the above
uses have gone so far as to print a full reproduction of a
patient with cleft palate.

Limitations

The present study not only has shown that it is pos-
sible to re-create the 3D pathology of cleft palate and lip
deformities from digital MRI data suitable for 3D print-
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Fig. 4. The palate only of the 3 cases shown in Figures 1-3 printed to scale on the Connex J750 as de-

scribed in Methods.

ing, but also has shown that with the advent of new mul-
timaterial printing technology it is feasible to create an
accurate soft compliant model of this abnormality, which
could augment the training of pediatric surgeons who
deal with these complex cases. The resolution of the MRI
scan plays a major factor in determining the quality of
the final 3D print, and any low-quality images will not re-
sult in a satisfactory 3D model. To create a more accurate
representation of the patient pathology being modeled,
high-resolution scans are optimal. Similarly the 3D printer
being used must be able to print at such a high resolu-
tion, so as to preserve the accuracy of the radiographic
data. As 3D printing is a relatively novel technology within
the medical field, the required resolution for an accurate
print of pediatric anatomy has not yet been established.
Commercial 3D printers are able to print up to 100 pm
isometric resolutions, which allows for much greater qual-
ity than current imaging techniques. A standard 64-slice
CT scanner will have a scan thickness ranging between
0.15 and 0.5mm, with an interslice distance measuring
0.4-1.0mm."® MRI scans are generally set at a greater thick-
ness, reducing the quality of the scans. A standard MRI se-
quence of the spine will produce slices of 3mm thickness,
with slices of up to 5mm thickness considered acceptable.
In pediatrics, MRIs of the craniofacial area are sequenced
at 3-mm thickness slices—as the structures requiring visu-
alization are generally small.' The 1-mm slice thickness
of the MRI scans although sufficient to reproduce topo-
graphical details of the palate were unfortunately of in-
sufficient detail and tissue resolution for us to properly
re-create the underlying musculature of the palate.
Although CT scanning could produce satisfactory im-
ages of bone (and possibly of the palatal musculature), the
necessity of a CT scan for treatment of cleft palate would be
a clinical decision, which may be questionable. Cleft pal-
ate is a condition that is clinically evaluated and assessed
with limited need for diagnostic imaging after birth. As
a result, acquisition of suitable medical imaging data for
the production of further cleft palate models may prove
difficult. Initially we set out to locate scans in the hospital
archives, which demonstrated an incomplete cleft palate,
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a complete cleft palate, and a submucosal cleft palate with
bifid uvula. Although many imaging data sets available to
us had satisfactory resolution for clinical diagnosis, they
were not of sufficient scan resolution for high-quality 3D
printing. Even in our cases that were suitable, none of the
models produced had a distinctive uvula, and it is unsure
whether this is due to the patients themselves having con-
genitally absent uvulae, or whether the MRIs were unable
to pick up the small amount of uvula tissue.

Although primary dentition should have erupted at
this age, both cases had delayed eruption of teeth. The de-
layed eruption of Case 1 may have been due to a Joubert
syndrome-related disorder, such as oral-facial-digital syn-
drome.? Case 2 at 8 months would be expected to have
developed primary mandibular central incisors; however,
the presence of cleft palate and the yet undiagnosed syn-
drome may have contributed to delayed eruption. In ei-
ther case, the appearance of an absence of teeth may be
due to a delayed eruption associated with their oral cleft.”!
The appearance may also be due to a congenital absence
of dentition, which has been demonstrated to be associ-
ated with cleft palate and lip deformities.?

The whole head prints shown in Figures 1-3 are print-
ed on single-property multicolor 3D printers (ZCorp
2650 and Projet 4500). These models are “hard” and do
not give any satisfactory tactile representation of what the
hard palate, soft palate, and surrounding tissues would
feel like in the patients. The recent development of
multiproperty printers allows printing in hard and soft
rubber-like materials. We have exploited this technology
to print a palate with deformation behavior,” much akin
to human tissue. Ideally it would have been valuable to
print hard tissues, such as bone, in a different Shore hard-
ness; however, this was not possible as bone could not be
segmented from the MRI scans. We are currently explor-
ing multicolor multimaterial printing technology which
would have great potential to recreate realistic looking
3D prints that also had multiple properties to match
those of soft and hard human tissues. Although initially
the cost of the hardware, namely the 3D printers them-
selves, may appear as an obstacle to their widespread use
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in surgery, it should be noted that there are a number of
3D printing services (eg, 3D Systems Quickparts) that can
print on demand with short turnaround times. The cost
of the prints shown in this study ranged from Aus$210
(2650 Printer) to $258 (Projet 4500) for the complete
heads to $59 for the cropped soft-palate model (Connex
J750). These are consumable costs only. The costs of pur-
chasing printers vary with models from a few thousand
dollars to several hundreds of thousands. If we factor in
cost recovery of the printer purchase, technical staff time,
and consumables, the above costs rise to $335, $516, and
$140, respectively.

Potential Uses for Education

One of the primary aims of this study was to create 3D
printed models as teaching aids for undergraduate medi-
cal students and surgical trainees. The use of 3D print-
ing in medical education has been described previously,
especially in relation to surgical education.?* Pathological
findings on imaging data have previously been printed as
isolated specimens, with a view to better visualizing pa-
thology for educational purposes.” The potential for 3D
printed models to be used for enhanced surgical educa-
tion is slowly being tested, with a recent study using basic
3D printed models to simulate burr hole creation and tis-
sue biopsy showing some success in surgical workshops.?
The possibility of developing bespoke pathological mod-
els for complicationfree, realistic simulated surgery is
exciting and warrants further development and research.
Although 2D and 3D visualizations on a computer screen
may be suitable for the experienced surgeon, we propose
that trainees would benefit far more from physical models
that they would be able to handle, dissect, and practice
surgery upon.

These models could also be used to assist in develop-
ing the doctor—patient relationship in the context of pre-
and postoperative clinics. With the example of cleft palate
repair, 3D models showing examples of the cleft palate
defect and its relations to the rest of the body would allow
both a visual and physical representation of the defect for
parents and other family members to better understand
the physical nature of the condition. Such a model would
allow easier explanation of the complexities of the defect,
and could give further clarification as to the symptomatol-
ogy displayed by children with cleft palate. The intricate
proximity of the cleft defect to the Eustachian tube and its
relation to the nasopharynx could be displayed, providing
greater understanding to those caring for the symptom-
atic child. With further development of these models, it
would be feasible to consider a situation where surgeons
would be able to show a preoperative and postoperative
example of a child with cleft palate to family members.
This would allow explanation of the procedure of pala-
toplasty, its complications, and its recovery course to be
made easier with such a visual aid.

Creation of accurate, cheap 3D models of pathology
would also assist educative efforts overseas. In a number
of countries, financial constraints and the inability to ac-
quire cadavers for dissection for various reasons, includ-
ing cultural accessibility, ethical accessibility, and lack of
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accessibility, create major hindrances, reducing anatomi-
cal education to the study of 2D sketches in medical text-
books or artificial plastic models. Ongoing development
of 3D modeling will allow for the creation of a new form
of teaching anatomy/pathology laboratory. By virtue of
the nature of 3D printing technology, trainees and staff
would no longer need to be exposed to hazardous preser-
vation chemicals such as formalin/formaldehyde, which
are known cancerogenic agents.27

It is our belief that as 3D printing technology devel-
ops and new, cheaper materials are incorporated into
the process (eg, soft tissue-like/biosynthetic materi-
als), there is a very real possibility that models such as
these could be used for realistic simulation for surgical
training.
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