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Background: Multidirectional cranial distraction osteogenesis (MCDO) can achieve
a desired shape for deformities of the cranium. In the past, visual estimation was
used to reflect on the actual skull, but it was time-consuming and inaccurate. Here
we demonstrate an effective osteotomy navigation method using surgical guides
made from a dental impression silicone.
Methods: Seven patients who underwent MCDO between August 2013 and
September 2016 were included in the study. Five cases involved utilization of the surgical guide for osteotomy. Three-dimensional (3D) printed cranium models were
made using 3D computed tomography (3DCT) imaging data and dental impression silicone sheets were molded using the printed cranium models. These surgical guides were sterilized and used for intraoperative osteotomy design. Vertical
distance between nasion/porion and osteotomy lines were calculated using 3D
printed cranial models and postoperative 3DCT images to assess reproducibility.
Results: The average surgical time/design time was 535/37.0 minutes for the nonsurgical guide group and 486.8/11.8 minutes for the surgical guide group (SG).
Treatment using the surgical guide was significantly shorter in terms of operative
time and time required for design. For the vertical distance comparison, the average distance was 5.7mm (SD = 0.3) in the non-SG and 2.5mm (SD = 0.44) in the
SG, and SG was more accurate.
Conclusions: Shorter operative times and higher reproducibility rates could
be achieved by using the proposed surgical guide, which is accurate, low-cost,
and easily accessible. (Plast Reconstr Surg Glob Open 2020;8:e2797; doi: 10.1097/
GOX.0000000000002797; Published online 29 April 2020.)

INTRODUCTION

Various surgical procedures have been defined for the
treatment of children with craniosynostosis. Distraction
osteogenesis is one of the most widely used and effective
cranial vault remodeling techniques for treating craniosynostosis.1–9 However, the action of moving a large piece
of bone in a single direction limits this method to acquire
adequate morphologic improvement. Multidirectional
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calvarial distraction osteogenesis (MCDO)10,11 enables
alteration of both the extension axis and morphology of
the cranium (Fig. 1), and this method was first defined
by Sugawara et al to address the limitations of distraction
osteogenesis.
The preparation of a surgical guide to accurately
reproduce the preoperative simulation design would theoretically enable the surgeon to easily carry out such cranioplasty procedures. MCDO leads to favorable outcomes in
terms of cranial morphology; however, the design is complicated for inexperienced surgeons.
Most institutions usually rely on visual estimation during surgery, but this takes a lot of time and frequently
results in inaccurate osteotomy lines.
To achieve the accuracy of a surgical simulation on
the patient, it is mandatory to reflect the predetermined
osteotomy line on the surgical site during the surgery.
Disclosure: The authors have no financial interest to declare
in relation to the content of this article.
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Fig. 1. High-resolution 3DCT images of a 2-year-old boy with sagittal
synostosis taken right after cranioplasty with MCDO.

The osteotomy line for cranioplasty has been conventionally applied with a distance from landmark on
3-dimensional (3D) modeling of the cranium. However,
the exposed part of the cranium is restricted by the scalp
flap, making it difficult to precisely replicate the preoperative design due to the inability to visualize the entirety
of the cranium.
In recent years, advances in digital technology and
manufacturing processes have led to a paradigm shift in
the simulation surgery field. Computer-aided design/
computer-aided manufacturing (CAD/CAM) technology
is widespread and commonly used for simulation surgery,
and an increasing number of reports have been published.12–14 However, the planning software for simulation
surgery and the virtual tools associated with CAD/CAM
are still very costly.15,16
Herein, we demonstrate a fast and effective method
of operative navigation for cranial osteotomy by using
an inexpensive and easy-to-use silicon dental impression
material.

MATERIALS AND METHODS

A total of 7 patients who underwent MCDO for the
treatment of craniosynostosis between August 2013 and
September 2016 were included in the study. Five patients
were men, and the remaining 2 were women. Average age
at the time of surgery was 25.2 months (8–58 months).
The surgical indications were (1) synostosis of >1 cranial suture on high-resolution computed tomographic
(CT) images and (2) findings of digital impression on
CT images or symptomatic cranial hypertension. Five
patients were diagnosed with sagittal synostosis and the
other 2 with multiple suture synostosis. The first 2 cases
did not involve the utilization of a surgical guide, whereas
surgical guides were used for osteotomy design for the
remaining 5 cases.
The protocol for this study was conducted in accordance with the Declaration of Helsinki. All surgical treatment was done by the cooperative work of plastic surgeons
and neurosurgeons.
Guide Creation and Design

Full-scale models of the cranium were prepared by a
3D printer (3D Systems ProJet460 plus; RICOH Co. Ltd.,
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Tokyo, Japan), and the osteotomy lines were determined
based on the cranial morphology and digital impression
findings on CT images. An industrial drill (Mini Router
NO.26800; Kiso Power Tool Mfg. Co. Ltd., Osaka, Japan)
was used to drill a line of holes of 2-mm depth on the
model surface. Protesil Labor (Vannini Dental Industy,
Grassina [FI], Italy), a condensation silicone material of
high viscosity and consistency which was widely used in
dental medicine, was used to prepare the surgical guides.
A silicone base and the catalyst were mixed homogenously
and then stretched onto the model to acquire 3-mm thickness. After 6 minutes required for the hardening of the
material, the line of holes on the 3D-printed cranial models which were based on the osteotomy line were reproduced on the silicone model for viable intraoperative
utilization (Fig. 2) (Videos 1–2). (See Video 1 [online],
which displays a cranium model was created with a 3D
printer based on high-resolution 3DCT imaging data and
then the designed osteotomy lines were marked with 2-mm
depth grooves created by a drill, Protesil Labor sheets to
be used intraoperatively were molded into desired shapes
by pushing against the printed cranium models. Designed
osteotomy lines were copied onto the inner surface of
the material.) (See Video 2 [online], which displays after
molded and shaped Protesil Labor sheets, cut unnecessary
part and marked osteotomy lines on the surface of surgical guide.)
The silicone models were autoclaved at 121°C for 20
minutes. After the exposure of the cranium by using a
bicoronal incision, osteotomy by an ultrasonic bone scalpel (Sonopet, Mutoh Co. Ltd., Tokyo, Japan) was carried
out with the guidance of the preprepared silicone models
(Fig. 3). MCDO cranioplasty was carried out according to
the surgical plan.
Analysis on Reproducibility

Porion and Nasion were selected as the points to accurately measure the osteotomy line in both simulation
surgery and postoperative CT images. We measured the
vertical distance (by millimeters) between nasion/porion
and osteotomy lines, which were designed on the 3D models and osteotomy lines on postoperative high-resolution
3DCT images (Fig. 4).

RESULTS

The average patient age was 44 months (SD = 19.8) in
the surgical guide group and 34.8 (SD = 5.8) in the nonsurgical guide group. Average operative time required
for the design was 37 minutes in the nonsurgical guide
group (SD = 1.4) and 11.8 minutes in the surgical guide
group (SD = 0.83). The average total operative time was
535 minutes in the nonsurgical guide group and 486.8
minutes in the surgical guide group, and the average
surgical design time was 37.0 minutes in the nonsurgical guide group and 11.8 minutes in the surgical guide
group (Table 2). The surgical guides showed no major
deformity through the autoclavization process and fit
properly to the cranium intraoperatively in all cases.
Comparison of the accuracy of the osteotomy line, the
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Fig. 2. A cranium model was created with a 3D printer based on high-resolution 3DCT imaging data and then the designed osteotomy
lines were marked with 2-mm depth grooves created by a drill (left). Protesil Labor sheets to be used intraoperatively were molded into
desired shapes by pushing against the printed cranium models (middle). Designed osteotomy lines were copied onto the inner surface
of the material (right).

Fig. 3. Customized surgical guides were sterilized by autoclavization and used intraoperatively to
design the actual osteotomy lines.

measured distance was 5.7 mm (SD = 0.3) in the nonsurgical guide group and 2.5 mm (SD = 0.44) in the surgical
guide group.

DISCUSSION

MCDO allows 3-dimensional movement of bone fragments due to the multiple vector adjustors. Compared
with the conventional unidirectional distraction technique, cranial morphologic improvement and intracranial volume expansion can be addressed effectively.10,11
We aimed to solve the problem of the difficulty in designing the osteotomy lines by using a dental silicone surgical
guide. The surgical guide can be easily tailored for every
individual patient.
The surgical guides are ideally required to be easily
molded into 3-dimensional structures and resist high temperatures during autoclave sterilization. We have chosen
the dental impression material Protesil Labor as the material for the process. This product is widely used for making

dental impressions in laboratories, and there are no other
reports on the usage of Protesil Labor in live surgery.
Protesil Labor could be easily cut and molded into complex structures and also resistant to temperatures up to
130°C.17 We noted a slight marginal distortion of the material during the 130°, 20-minute autoclavization process, but
this problem is solved by changing the protocol to 121°, 20
minutes. To avoid any allergic reactions, confirmation of
patients’ medical history is necessary.17 The cost for the
preparation of one surgical guide is approximately 5 US
dollars. On the other hand, the cost for one 3D-printed
cranial model is approximately 100 US dollars using the
printer in our institution. However, 3D printing is becoming more and more available,18–21 and hospitals without a
3D printer could inquire with external companies for 3D
printing services. Simultaneously, the computer software
that can perform the simulation surgery and the output
adjustment to the 3D printer is very expensive; thus, it
is not always possible for every hospital to purchase this
high-priced and high-performance computer software.
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Fig. 4. After the preoperative decision on the osteotomy lines, calculations were made with references to the following: distance from
right temporal osteotomy line to right porion: a1; distance from frontal inferior osteotomy line to nasion: b1; and distance from left temporal osteotomy line to left porion: c1. Similarly, postoperative calculations were made using 3DCT images with references to the following:
distance from right temporal osteotomy line to right porion: a2, distance from frontal inferior osteotomy line to nasion: b2; and distance
from left temporal osteotomy line to left porion: c2. Differences between pre- and postoperative calculations were used to determine the
reproducibility of the model surgery.

Table 1. Details of the Studies about Usage of the Surgical Guides Group and Nonsurgical Guides Group
Age
Patient Sex (mo)
1
2
3
4
5
6
7

F
M
M
M
F
M
M

30
58
17
8
20
22
22

F, female; M, male.
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Diagnosis
Multiple suture synostosis
Multiple suture synostosis
Sagittal synostosis
Sagittal synostosis
Sagittal synostosis
Sagittal Synostosis
Sagittal synostosis

Total
Operative
Design
Time (min) Time (min)
600
470
508
441
495
540
450

36
38
11
12
12
11
13

Surgical
Guide

No. Bone
Pieces

−
−
+
+
+
+
+

12
16
26
11
22
19
20

Length:
Length:
Length:
a1–a2 (mm) b1–b2 (mm) c1–c2 (mm)
6.0
5.2
2.8
2.1
2.6
2.0
1.5

6.0
5.5
3.2
2.0
2.0
2.8
2.9

6.0
5.6
3.1
2.3
2.2
2.7
2.6
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This cost barrier to the software and devices is still a big
problem. To improve this problem, we chose the dental
impression silicone to a make surgical guide because this
material is inexpensive and easy to mold, and can stand
autoclave sterilization. Also, the surgical guide can be created within 30 minutes if a skull model has already been
created from a CT using a 3D printer. This is a significant
advantage compared with the fact that it takes a few hours
to one night to create a surgical guide on a 3D printer.22,23
In this study, we have managed to achieve shorter operative times (48.2 minutes average) in the surgical guide
group (Tables 1, 2). Considering that the decreased total
operative time would result in a significant reduction in
Table 2. Patient Characteristics and Outcomes of the Vertical
Distance between Nasion/Porion and Osteotomy Lines of
3D-printed Cranial Models and Postoperative 3DCT Images
No
Surgical Guide

Usage of
Surgical Guide

2
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Patient Characteristics

Mean (SD)

Mean (SD)

Age (mo)
Bone pieces
Design time (min)
Total operation time (min)
Length a1 (mm)
Length a2 (mm)
Length a1–length a1 (mm)
Length b1 (mm)
Length b2 (mm)
Length b1–length b2 (mm)
Length c1 (mm)
Length c2 (mm)
Length c1–length c2 (mm)

44.0 (19.8)
14.0 (2.8)
37.0 (1.4)
535.0 (91.9)
39.0 (1.4)
33.4 (2.0)
5.6 (0.6)
39.0 (1.4)
33.3 (1.1)
5.8 (0.4)
38.5 (0.7)
32.7 (0.4)
5.8 (0.3)

17.8 (5.8)
19.6 (5.5)
11.8 (0.8)
486.8 (41.2)
31.8 (4.3)
29.6 (4.0)
2.2 (0.5)
39.2 (3.7)
36.5 (3.4)
2.7 (0.5)
31.8 (3.5)
29.2 (3.2)
2.6 (0.4)

the duration of hospitalization and patient morbidity,24 we
think that shorter designing time using this method can
reduce complications. When we compared the accuracy
of nonsurgical guide group and surgical guide group by
measuring the vertical distance (by millimeters) between
nasion/porion and osteotomy lines which were designed
on the 3D models and osteotomy lines on postoperative
high-resolution 3DCT images, the average difference in
the distance was 3.23 mm.
In addition, even when comparing each porion–osteotomy lines and nasion–osteotomy lines (Fig. 4), surgical
guide group was less deviation and superior in terms of
accuracy.
Thus, surgical guide group was more accurate as the
osteotomy system and has demonstrated improved accuracy over a free-hand operation.
Compared with the conventional approach, bone cutting design using the surgical guide has many advantages:
1. The surgical guide group is more accurate with
respect to the reproduction accuracy of simulation
surgery.
2. The same line can be drawn no matter which surgeon
draws the osteotomy line on the skull.
3. The ability to standardize surgical design techniques
and the ability to make more predictable and technology-independent designs, regardless of the clinician’s
experience.
4. This can be used for educational purposes.
The guides are very accurate; it is possible that every
surgeon can obtain accurate reconstruction results rather
than using a free-hand approach where results are rather

Fig. 5. Graph designed to demonstrate model surgery reproducibility by using the corrected values of the difference between aforementioned pre- and postoperative calculations. The surgical guide group was superior to non-model surgery group in terms of reproducibility.
Blue: NSG, and red: SG. NSG indicates nonsurgical guide.

5

PRS Global Open • 2020
dependent on expertise (Fig. 5). However, our study only
included 7 patients and we believe that further investigation with larger patient numbers is necessary.

CONCLUSIONS

The findings of this study show that shorter operative
times and higher reproducibility rates for MCDO method
could be achieved by using the surgical guide prepared
according to our instructions. The mentioned guide is easy
to prepare, low cost compared with other similar models,
and easily accessible even in smaller clinical settings.
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