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Abstract

Rhinoplasty and surgical reconstruction of cartilaginous structures still remain a great challenge today. This study aims to identify
an imaging strategy in order to merge the information from CT scans and magnetic resonance imaging (MRI) acquisitions and
build a 3D printed model true to the patient’s anatomy, for better surgical planning. Using MRI, information can be obtained
about the cartilage structures of which the nose is composed. Ten rhinoplasty candidate patients underwent both a low-dose
protocol CT scan and a specific MRI for characterization of nasal structures. Bone and soft tissue segmentations were
performed in CT, while cartilage segmentations were extrapolated from MRI and validated by both an expert radiologist and
surgeon. Subsequently, a 3D model was produced in materials and colors reproducing the density of the three main structures
(bone, soft tissue, and cartilage), useful for pre-surgical evaluation. This study has highlighted that the optimization of a CT and
MR dedicated protocol has allowed to reduce the CT radiation dose up to 60% compared to standard acquisitions with the same
machine, and MR acquisition time of about 20%. Patient-tailored 3D models and pre-surgical planning have reduced the mean
operative time by 20 minutes.
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Introduction biological risk related to the high amount of ionizing radiation
emitted by the scanner. Also, CT fails to characterize the nose’s
cartilages, which are of primary importance in defining the
shape of the nose. Indeed, these structures vary from indi-
vidual to individual, constituting the main surgical target when
surgeons remodel nasal profiles. Considerable efforts have been
made to develop workarounds for the abovementioned short-
comings. Indeed, third-generation Dual-Source CT scanners
(DSCT) and the most recent dose-reduction CT acquisition

Rhinoplasty is a plastic surgery procedure aimed at improving
the nose’s appearance and function. According to 2019s
statistics provided by the American Society of Plastic Surgeons,
207,000 rhinoplasties have been performed in the United States.
Different rhinoplasty surgery procedures have been described in
the literature, namely, the open and the close approaches.' The
most frequent approach is the open one, which produces op-
timal visualizations of the different anatomical nose tissues and
components.” Visualizing such anatomical structures appro-
priately may improve surgical outcomes.” Indeed, most limiting ~ 'IRCCS SDN, Naples, Italy
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protocols allow obtaining tissue characterizations whose results
are comparable with standard CT scanners but with a significant
reduction of ionizing radiation. DSCT for studying both the
facial massif and the nose is based on the combined use of two
X-ray tubes coupled with a tin filter. The tin filter absorbs low-
energy photons, which are less important in high-contrast
settings (e.g., maxillo-facial imaging), thus reducing patients’
radiation exposure. In this field, using a tube voltage of 100 kV,
a reduced tube current, and iterative reconstructions pro-
duce new interesting perspectives in low-dose imaging.®
Paralleling CT improvements, magnetic resonance imaging
(MRI) has also gained diagnostic accuracy in this field,
thanks to the development of more resolute sequences and
dedicated protocols. Recently developed MRI sequences
permit a better study of nasal cartilage structures, which
results in an improved characterization of the median septal
cartilage, the two lateral cartilages, and the two major alar
cartilages. Visscher et al. compared various types of MRI
sequences, in order to identify the one that best charac-
terizes the cartilage structures of the nose. Cartilage-
specific sequences were compared: Constructive Interfer-
ence in Steady State (CISS), Fast Spin Echo (FSE), Multiple
Echo Recombined Gradient Echo, and Spoiled Gradient
Echo (Spoiled GE) with and without fat suppression. The
result highlights that the Spoiled GE sequence without fat
suppression with a spatial resolution of 0.9 mm has better
sensitivity and specificity for visualization of cartilages, es-
pecially for the alar one.” Moreover, the most interesting ad-
vances to support the study of nasal structures come from
personalized medicine and concern the improvements achievable
by combining imaging techniques with biomedical engineering.
Customized, imaging-derived, 3D printed models may provide a
helpful visual reference of the scanned anatomical structures,
hence permitting to anticipate surgery planning and reduce
surgical times.®” The aim of this paper is to highlight the
clinical value of 3D printed models in helping to align patient
and surgeon goals in the preoperative and consultative setting.
This combined radiological-bioengineristic-surgical approach
may strengthen the value of custom surgical templates for use as
operative blueprints to facilitate intraoperative decision-making
in rhinoplasty. For this reason, we have developed an affordable
and reproducible protocol, for rapid in-house 3D printed rhi-
noplasty models for surgical planning, starting from low-dose
CT acquisition protocol and high-resolution MRI dedicated
protocol.

Material and Methods

Patient Population

This retrospective study was approved by the Institutional
Review Board, and all patients signed a dedicated informed
consent. Ten consecutive adult patients who underwent
maxillo-facial DECT and MRI, examined at IRCCS SDN,
Naples (IT), from September 2020 to April 2021, were

included. The selected patients were all candidates for rhi-
noplasty. Inclusion criteria were the following: patient’s age
>18 years, no pregnancy status, no further pathology of the
maxillo-facial area, and no prosthesis and/or metal wire
inside the body not compatible with high-field magnetic
resonance.

Acquisition Protocols

The CT scans were performed using a third-generation DSCT
scanner (SOMATOM Force, Siemens Health care, Ger-
many). Left tube voltage was fixed to 100 kV with a 0.6 mm
tin filter, and tube current was set to 130 mAs. Automatic
tube current modulation (CARE Dose 4D, Siemens) and
automated tube potential control (CARE kV, Siemens) were
turned off. Patients were scanned in a supine position with
the head slightly reclined to take an around parallel
alignment of the upper jaw to the gantry to minimize ar-
tifacts due to any dental prosthesis. The scan range ex-
tended from the frontal sinus down to the maxilla. Axial
1 mm images were reconstructed using both an iterative
bone (Hr64) and soft tissue (Br40) reconstruction filter
(ADMIRE, Siemens, IR resistance level 3 [bone] and 4
[soft tissue], respectively). The MRI scans were acquired
with a 3T Achieva dStream scanner (Philips Health care,
Best, Netherlands), and a 16-channel head-neck coil. In
addition, foam pads were used to minimize any patient
movement. A 3D axial Spoiled GE without fat saturation
sequence was acquired with the following parameters: TR
5.9 ms; TE 2.51 ms; Flip Angle 12; Average 2 and Slice
Thickness 1 mm was used to allow a better characterization
of the nasal cartilages. Both CT and MRI acquisitions have
been following co-registered in Syngo. via platform
(Syngo.via Workstation; Siemens Health care), for mutual
imaging segmentation.

Computed Tomography Scan Radiation Dosimetry

The value of the effective radiation dose (ED) was based on
the volume computed tomography dose index (CTDI) and
dose length product (DLP), which were recorded from the
“dose report,” which is automatically stored in the DICOM.

A conversion factor for the head region (0.0019 mSv x
mGy-1 x cm-1; reference to the 16 cm CTDI phantom) was
used for calculating the ED.

The effective dose results as follows: ED = DLP x 0.0019 mSv
x mGy-1.

An additional conversion factor of 2.5 was applied to
compensate for the different reference phantoms. All CTDIvol
values following are referring to the 16-cm phantom.

The optimized protocol allowed a CTDIvol of about
18.33 mGy [range 11.66-21.77 mGy]. The median DLP was
382 mGy*cm [range 268—460 mGy*cm]. The resulting
median effective radiation dose was 0.725 mSv [range
0.51-0.87 mSv].
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Figure 1. Axial (A), coronal (B) and sagittal (C) reconstruction from low-dose maxillo-facial CT scan, using an iterative bone reconstruction

filter.

Computed Tomography Image Segmentation

The CT digital imaging and communications in medicine
(DICOM) can be segmented using manual, semi-automatic,
and automatic techniques.'""'> The DICOM files were imported
into the Mimics 21 medical image segmentation program
(Materialise NV, Leuven).

Using this software, it is possible to perform a semi-automatic
segmentation of the main tissues (i.e., bones, fat, etc.) that make
up the anatomy of the nose. This is possible by associating the
density of each tissue, expressed in grayscale and detected by
CT, with a different color. Subsequently, a manual correction of
any burrs was performed by an experienced radiologist and then
confirmed by the surgeon. Atthe end of the segmentation phase,
a digital 3D model faithful to the original anatomy, and life-
sized, was built."?

Two different types of structures have been defined and
segmented, “bone” and “soft tissue” (skin, mucosa, and
cartilages), to which different printing materials were associ-
ated, which allowed for as much anatomical reproduction as
possible (Figure 1).

Magnetic Resonance Imaging Segmentation

The DICOM of the MRI sequence was imported into the ITK-
SNAP software.'* A user-guided 3D segmentation of cartilage
anatomical structures was performed. In particular, the seg-
mentation of the alar cartilage, the lateral cartilage of the
nose, and the cartilage of the septum were carried out, which

are better represented in the MRI scan, compared to CT
acquisition.

Mutual Imaging Information and Model Building

The 3D digital models (STL files) obtained in the segmen-
tation step by CT and MRI were fused and further processed
using the 3-Matic software package (Materialise, Belgium),
which allows direct STL manipulation, error control, the
closing of small holes, surface smoothing, and part thickness
analysis. In a preliminary phase, MRI segmented volumes
were superimposed to CT ones, in order to differentiate car-
tilaginous structures highlighted by MRI within the soft tissue
volume extracted by CT (Figure 2). Following, data condi-
tioning, including smoothing rough surfaces, removing items
that could lead to printing errors, and performing procedures
such as notching parts to achieve the final model of the nose,
was performed (Figure 3)."

Model Printing Preparation

The STL file has been exported to the open-source CURA
4.8 software (Ultimaker, Netherlands) for slicing. Subse-
quently, the STL file is converted into layers (generating
contour data), produces the toolpaths on XYZ axes to fill
them, and determines the filament’s quantity to be used in
the manufacturing of the product. The toolpath is defined
by G-code files generated for each layer of the product, and
these codes provide the instruction for the X, Y, and Z
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Figure 2. Segmentation phase, on the left the multiplanar reconstructions on the axial (A), coronal (B) and sagittal planes (C), in pink the
mask imported post-segmentation from MRI. On the right (D), the 3D models of the bone tissue in white, the cartilage structures in red
(from MRI/CT coregistration), and the soft tissues of the nasal pyramid in pink (in transparency).

— N

Figure 3. Print model preparation phase, performed on 3D-matic software; 3D models of bone and soft tissue are shown in the figure, after

removal of segmentation errors.

motion of the tool to generate the required layers. The
CURA software can perform most of the preparatory
processes for STL files for fused deposition modeling
(FDM) technology printing; these include machine plat-
form, heating of the printing plate to promote adhesion,
adjusting orientation, repairing parts, generating necessary
supports, and positioning the model. The models used in

this study are simple and do not require support structures
(Figure 4).

Printing

This study’s filament materials were polylactic acid (PLA) and
thermoplastic polyurethane (TPU). These filaments are
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Figure 4. Slicing phase with Cura software. Image A shows the bone tissue model (in yellow), subsequently printed with PLA; in inset B, the
soft tissue (in white) and cartilage (in red) to show the anatomically correct position of the two models; image C show the two adjacent soft

tissue (in white) and cartilage (in red) models, printed in TPU.

Figure 5. The image shows custom 3D models of the bone component (in white) and soft tissue (in yellow), also embedded within each

other.

preferred by most domestic 3D printers across the world since
it is easy to print; they have an extruding temperature ranging
between 180°C and 210°C. The material is bioplastic and non-
toxic and therefore has extensive biomedical applications."*
The 3D printing of the samples was undertaken using the 3D
printer, Ultimaker 3EXT.

In particular, we used PLA to create bone components, and
two different colors of TPU to distinguish cartilage (red
color) from other soft tissues (white color), like skin and
mucosa. The realization of the model consumed about 26 g of
PLA for the bone structures and 35 g of TPU to reproduce

soft tissues for about 3.5 euros of material consumed (printing
time: 4.5 h) (Figure 5)."

Discussion

3D imaging, from CT and MRI scans, has become a popular
and widespread imaging modality in aesthetic surgery. In
rhinoplasty, 3D imaging with the simulation of expected
surgical results has improved patient communication in sur-
gical planning,'® and may lead to an increase in postoperative
patient satisfaction.'” Leveraging 3D imaging to create patient-
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specific 3D models has also been demonstrated to optimize
intraoperative execution in a variety of surgical fields,'® al-
though its application for nasal reconstruction surgery has been
poorly investigated.

Rhinoplasty is a complicated procedure known to require
meticulous planning and precise execution to obtain optimal
results. Rhinoplasty also has an important place in aesthetic
surgery. In fact, potential psychological determinants under-
lying the choice of such a surgical procedure might be traced
in the link between rhinoplasty, psychology, and social en-
vironment.'? Also, the nose has a central role in self and
other’s face perception as it constitutes, alongside mouth and
eyes, a major visual-attentional target for individuals involved
in face exploration.”’

Rhinoplasty is undoubtedly one of the most challenging
surgeries to master within the specialty and makes matters
more complicated; it is also one of the least commonly en-
countered training procedures. Nowadays, rhinoplasty can be
performed as structured rhinoplasty or as preservation rhi-
noplasty. In structured rhinoplasty, the dorsal hump is re-
moved. An open roof'is created and closed with basal fractures
while the cartilaginous dorsum can be reconstructed with
stitches, spreader flaps, or grafts.

In preservation rhinoplasty, the dorsum is preserved and
modified to remove the dorsal hump. Not every patient has the
indication for preservation rhinoplasty and when a preservation
rhinoplasty is performed, an accurate preoperative evaluation
must be done on a 3D CT scan to avoid dangerous compli-
cations. Moreover, during preservation rhinoplasty, surgeons
must know where to perform radix osteotomy and where the E
point is (the point between the perpendicular plate of the
ethmoid and the quadrangular cartilage) to be safe during these
kinds of maneuvers.”'

Advanced volumetric CT/MR imaging is mandatory to
assess patient anatomy and should be used to choose between
structured or preservation rhinoplasty approaches, to choose
among the different preservation techniques (e.g., high strip
preservation, low strip preservation, or cartilaginous preser-
vation), and to measure anatomy landmarks. In all these
phases, 3D modeling can help to better manage the patient,
allowing to simulate each branch of the possible decision tree
and to actively recognize anatomical landmarks as transverse
radix osteotomy point (TROP) to avoid surgical complica-
tions.” For instance, it is important to identify any part of the
perpendicular plate of the ethmoid before surgery, to avoid
dangerous maneuvers and fracture to the cribriform plate, with
consequent cerebrospinal fluid leakage.

3D printing is becoming more popularized in the medical
field due to technical planning, patient communication, and
this challenging operation’s performance.

Many studies have shown that 3D printed models provide
excellent support to the world of medicine, in the dental,
anatomical—pathological, and surgical fields, thanks to the
possibility of planning the intervention first on a model that
perfectly imitates the anatomy and pathology.

The added value of the tailored 3D modeling compared
to the native 3D imaging techniques are represented by a
better understanding of patients’ anatomy (internal and
external nasal anatomy); better compliance for the patients
that can understand their own anatomy; the possibility to
estimate and predict surgical maneuvers; the reduction of
operating time and costs (as these kinds of surgeries are
usually performed as private surgeries); and the reduction of
postoperative complications such as CSF leakage, insufficient
functional treatment, and poor aesthetic results due to unsuc-
cessful maneuvers.

Contemplating how the different maneuvers will occur in
the sequence is critical but knowing how each move will
subsequently affect the procedure or the next few choices is
essential to obtaining reproducible and good results. The
model proposes several opportunities: it will allow sur-
geons to pre-operatively plan their cartilaginous changes
and osteotomies and better visualize the underlying pa-
thology; this will undoubtedly allow for improved planning
and understanding of how the photographs correlate the
structural anatomy.

One study has recently demonstrated that plastic surgery
trainee confidence and hands-on experience in rhinoplasty are
highly variable and often suboptimal.**

The acquisition of such skills is challenging, as plastic
surgeons involved in teaching residents must balance
providing trainees hands-on experience to become profi-
cient in rhinoplasty techniques while ensuring the appro-
priate execution of such maneuvers to avoid unsatisfactory
results.?*+**

In our preliminary experience, the optimization of a CT
and MR dedicated protocol has allowed to reduce the CT
radiation dose up to 60% compared to standard acquisitions
with the same machine, and MR acquisition time of about
20%. Patient-tailored 3D models and pre-surgical planning
have reduced the mean operative time by 20 minutes. Also,
no complications have been reported in preservation rhi-
noplasties performed with the described multidisciplinary
approach. The model is patient-specific and can be used to
visualize various nasal changes including tip alteration,
dorsum reduction, and asymmetry correction, amongst
others. This workflow incorporates evolving technology
with 3D printing, while still acknowledging a surgeon’s
need to adapt intraoperatively based on his or her surgical
experience and intuition. This surgical workflow we de-
scribed fits into existing clinical workflows and may offer
significant clinical benefits to patients and surgeons. It
poses a modest financial expense and requires little or no
additional technical expertise or training for the surgeon
and moderate expertise/training for a radiological techni-
cian (for printing part).
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