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Background: Complex hypertrophic scar is a condition that causes multiple joint
contractures and deformities after trauma or burn injuries. Three-dimensional (3D)
printing technology provides a new evaluation method for this condition. The objective
of this study was to print individualized 3D models of complex hypertrophic scars and
to assess the accuracy of these models.

Methods: Twelve patients with complex hypertrophic scars were included in this
study. Before surgery, each patient underwent a computed tomography (CT) scan
to obtain cross-sectional information for 3D printing. Mimics software was used to
process the CT data and create 3D printed models. The length, width, height, and
volume measurements of the physical scars and 3D printed models were compared.
Experienced surgeons used the 3D models to plan the operation and simulate the
surgical procedure. The hypertrophic scar was completely removed for each patient
and covered with skin autografts. The surgical time, bleeding, complications, and
skin autograft take rate were recorded. All patients were followed up at 12 months.
The surgeons, young doctors, medical students, and patients involved in the study
completed questionnaires to assess the use of the 3D printed models.

Results: The 3D models of the hypertrophic scars were printed successfully. The
length, width, height, and volume measurements were significantly smaller for the
3D printed models than for the physical hypertrophic scars. Based on preoperative
simulations with the 3D printed models, the surgeries were performed successfully
and each hypertrophic scar was completely removed. The surgery time was shortened
and the bleeding was decreased. On postoperative day 7, there were two cases
of subcutaneous hemorrhage, one case of infection and one case of necrosis. On
postoperative day 12, the average take rate of the skin autografts was 97.75%. At
the 12-month follow-up, all patients were satisfied with the appearance and function.

Conclusion: Accurate 3D printed models can help surgeons plan and perform
successful operations, help young doctors and medical students learn surgical
methods, and enhance patient comprehension and confidence in their surgeons.

Keywords: 3D printed models, hypertrophic scars, preoperative evaluation, surgical planning, wound scarring
prevention
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INTRODUCTION

Complex hypertrophic scar is a condition caused by trauma or
burn injuries that may cause multiple joint contractures and
deformities (Butzelaar et al., 2015; Anthonissen et al., 2016;
Seo and Jung, 2016). The treatment of complex hypertrophic
scars can dramatically improve a patients quality of life.
At present, many conservative methods are used to treat
complex hypertrophic scars; however, the outcomes are poor for
patients with multiple skeletal deformities and scar contractures.
Therefore, surgery is often the first treatment choice for patients
with complex hypertrophic scars. When there are abnormal
anatomical structures around the complex hypertrophic scar
caused by skeletal deformities and soft tissue contractures, it is
difficult for doctors to identify and assess the size of the scar
clearly. Preoperative evaluation of complex hypertrophic scars is
important for effective surgical treatment.

Currently, preoperative evaluation of complex hypertrophic
scars depends exclusively on traditional, two-dimensional (2D)
images, namely X-rays, computed tomography (CT), and
magnetic resonance imaging (MRI). These types of imaging
are used to evaluate the limits of complex hypertrophic scars
and bone deformities; however, it is difficult to establish
precise limits with 2D images (Ploch et al.,, 2016; Pfeil et al.,
2017). Furthermore, it is also difficult to provide spatial
anatomical information and tactile feedback for surgeons using
these techniques.

Recently, 3D printing has been widely applied in orthopedic
surgery, stomatology, and other medical fields because it
has advantages in terms of individualization, tactility, and
visualization (Cutroneo et al., 2016; Fitzhugh et al., 2016; Gu et al.,
2016; Rashaan et al., 2016; Schepers et al., 2016). In this study,
we made 3D models of complex hypertrophic scars to measure
their dimensions preoperatively. We evaluated the accuracy of
the 3D printed models. In addition, we assessed whether the
3D printed models were useful to surgeons in planning the
operation, if they were helpful in the training of young doctors
and medical students, and if they were useful tools for explaining
the disease and operation to patients. Lastly, we assessed the
clinical effect after surgery.

MATERIALS AND METHODS

Patients

Twelve patients who were hospitalized with complex
hypertrophic scars from 1 December 2014 to 1 December
2015 were enrolled in this study. All patients experienced a loss
of joint function and activity and exhibited severe deformity due
to a complex hypertrophic scar (Figures 1, 2A,B). The study
protocol was approved by the Institutional Review Board of The
First Affiliated Hospital of Sun Yat-sen University, and informed
consent was obtained from all participants.

Image Processing and 3D Printing
A 64-slice spiral CT (Toshiba-Aquilion Corporation, Japan)
was utilized to acquire serial cross-sectional data for each

FIGURE 1 | Three-year-old girl with a complex hypertrophic scar. (A,B)
Preoperative images of the hypertrophic scar, which resulted in a loss of
flexure and extension of the right ankle. (C,D) A 3D model of the hypertrophic
scar was designed using reconstruction software. (E,F) The 3D model of the
hypertrophic scar on the right ankle was printed for surgery simulation and
anatomical measurement. (G) Based on the 3D printed model, the
hypertrophic scar on the right ankle was completely removed surgically, and
the wound was covered with razor-thin autologous skin. (H) At the 12-month
follow-up visit, the appearance and function of right ankle were recovered.

hypertrophic scar. Hypertrophic scar tissues were segmented
from the optimal cross-sectional images with a thresholding tool
using reconstruction software. Next, the 3D geometric models
of the hypertrophic scar were exported as stereolithography
(STL) format files for 3D printing (Figures 1, 2C,D). The
STL format files were imported to PST-ZB (PST Photon
Technology Co., Ltd., China), a rapid prototyping 3D printer
with fused deposition modeling (FDM) principles. The printing
material is polylactic acid (PLA), which is obtained by
extracting starch from plants such as corn and cassava
through multiple processes, fermenting it into lactic acid by
microorganisms, and then polymerizing it. PLA is safer, lower
in carbon, and greener compared with traditional materials.
The printing parameters: printing speed 150 mm/s, temperature
200°C, and layer thickness 0.1 mm. The 3D scar models
produced by the 3D printer were used preoperatively by
experienced surgeons to simulate the surgical procedure to
remove the hypertrophic scar. The printing process is shown
in Figure 3.
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H

FIGURE 2 | Five-year-old boy with a complex hypertrophic scar. (A,B)
Preoperative images of the hypertrophic scar, which resulted in a loss of
flexure and extension of the left hand. (C,D) A 3D model of the hypertrophic
scar was designed using reconstruction software. (E,F) The 3D model of the
hypertrophic scar on the left hand was printed for surgery simulation and
anatomical measurement. (G) Based on the 3D printed model, the
hypertrophic scar on the left hand was completely removed surgically, and the
deformed bones were corrected with Kirschner wires. (H) At the 12-month
follow-up visit, the appearance and function of the left hand were recovered.

Validating Accuracy of the 3D Printed

Models

The length, width, and height of each hypertrophic scar were
measured manually using rulers for the physical scar and with
reconstructive software for the 3D printed model. Then the
measurements of the physical scar and 3D printed model were
compared as shown in Figure 4 (Olszewski et al., 2014; Yong
et al.,, 2014; Lee et al., 2015; Wu et al., 2015; Yin et al., 2015). The
volume of each 3D printed model was calculated automatically
by Gemagic Quality software, and the volume of each 3D
printed model was measured using the drainage method. These
parameters were statistically analyzed by SPSS 13.0.

Surgical Procedure and Postoperative
Visits

Hypertrophic scar resection was performed for all 12 patients
by the same group of experienced surgeons. Each hypertrophic

CT data 3D reconstruction

Pre-operation

CT scanning

3D printing 3D printing model Intra-operation Follow-up

FIGURE 3 | The workflow showing preoperation image acquisition, printing
the 3D model, and follow-up.

scar was completely removed according to the measurement
data and preoperative surgical simulation on the 3D printed
models. A nurse recorded the surgery time and bleeding for
each patient. Razor-thin skin autografts were harvested from the
inner thigh to cover the scar area. The autografts were placed
over human acellular dermal matrix scaffold (Jie-Ya Life Tissue
Engineering, Beijing, China) intraoperatively and sutured to the
graft area. Pressure was applied on the graft area. The 12 patients
were followed up for 12 months after they were discharged
from the hospital. At the 12-month follow-up visit, the skin
autografts were assessed for skin color, appearance, elasticity, and
texture at the suture.

Evaluation of the 3D Models

The surgeons, young doctors, medical students, and patients
evaluated the 3D printed models with specially designed feedback
questionnaires. The responses to the questions were made on
a 5-point Likert scale where 1 represents strongly disagree, 2
represents disagree, 3 represents neither agree nor disagree, 4
represents agree, and 5 represents strongly agree. The surgeons
assessed the use of the models as surgical aids in terms of their
visual appearance, quality, size, and surgical anatomy. The young
doctors and medical students evaluated the use of the models
for surgery simulation and training as well as the quality and
size of the models. The patients assessed whether the use of the
3D printed models helped illustrate and explain the disease and
helped them understand the surgical process and risks.

Statistical Analysis

Statistical significance between groups was determined by paired
t-test. All data were analyzed using SPSS version 16.0 software
(IBM, Armonk, NY, United States).

RESULTS

Before surgery, individualized 3D models of the hypertrophic
scars and deformed bones were successfully printed
(Figures 1, 2E,F). The size and depth of the hypertrophic
scar could be measured accurately on the 3D printed models.
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FIGURE 4 | The length, width, and height of each hypertrophic scar were measured manually with rulers. These dimensions were measured with reconstruction

software on the 3D printed models.

The average length, width, height, and volume of the physical
hypertrophic scars and 3D printed models are presented in
Table 1. The average length, width, and height of the 3D printed
models were significantly smaller than the measurements
of the physical scars. The average volume of the 3D scar
models was significantly smaller than the average volume of
the physical scars.

For each patient, surgery was completed according to the
planned simulation by the same group of experienced surgeons,
and the results were satisfactory. The medical students indicated
that they had an improved comprehension of many surgical
skills for resecting hypertrophic scars because of the simulated
operations using the 3D printed models. The patients indicated
that the explanations using the 3D printed models improved
their understanding of the surgery and increased their trust of
the surgeons. The average score of the evaluation about 3D
printed models in each group on was greater than 3 points, which
indicated that all of the groups were satisfied with the surgical
simulations using the 3D printed models (Figure 5).

All patients successfully underwent hypertrophic scar
resection according to the surgical simulations using the 3D
printed models. The hypertrophic scar tissue was completely
removed, and deformed bones were corrected according to the
preoperative surgical plan (Figures 1, 2G). The surgical time was
shortened and the bleeding was decreased. On postoperative day

TABLE 1 | Measurements of the patient scars and 3D printed models.

Parameter Physical 3D printed p-value
hypertrophic scar model

Length (cm) 716 £2.17 710+ 2.16 0.001*

Width (cm) 4.68 + 1.40 457 +£1.32 0.002*

Height (cm) 1.14 +£0.37 1.10 £ 0.36 0.000*

Volume (ml) 38.22 + 19.94 38.08 &+ 19.94 0.001*

The maximum length, width, and height of the hypertrophic scar were measured
with rulers and reconstruction software. The volume of the hypertrophic scar was
measured using the water displacement method with a 5 L container. n = 12.
*p < 0.05; paired t-test.

7, there were two cases of subcutaneous hemorrhage, one case of
infection and one case of necrosis, which may have been caused
by excessive postoperative activity. On postoperative day 12, the
average take rate of the skin autografts was 97.75% (Table 2).
At the 12-month follow-up visit, all patients had satisfactory
appearance and function (Figures 1, 2H).

DISCUSSION

Surgery is generally recommended for the treatment of
hypertrophic scars. For surgery to be successful, it is important
to identify the precise size of the hypertrophic scar (So et al,
2011; Amici, 2014; Lim et al,, 2014; Orgill and Ogawa, 2014).
The present study applied 3D printing to produce personalized
models and observe the spatial position of the hypertrophic scar
and bone deformity (Srougi et al,, 2016). Using the models,
anatomical measurements were made of the hypertrophic scar,
including its length, width, and height (Silberstein et al., 2014).
Our results suggest that 3D printed models of hypertrophic scars
may guide surgeons to identify the surgical cutting plane that
marks the limit between scar tissue and normal tissue. Knowledge
of the surgical cutting plane can influence surgical effectiveness
and potentially reduce complications (Figure 6).

Although 3D printing technology has been applied in many
fields, it is necessary to evaluate its accuracy to meet clinical
requirements. In the present study, the 3D printed models
had a significantly smaller average length, width, height, and
volume compared with the physical scars. These differences
were caused by shrinkage of the material during printing, which
affected the accuracy of the 3D models. The results of our study
were similar to those of Lee et al. (20155 Wu et al., 2015).
Although these differences were statistically significant, they were
regarded as clinically insignificant. The 3D models served as
valuable references for measuring anatomical parameters of the
hypertrophic scar preoperatively, for planning the surgery, and
for guiding the intraoperative manipulations.

The preoperative method for surgical resection of
hypertrophic scar was direct measurement mainly to measure
the size of hypertrophic scar, and the flap covered the wound
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FIGURE 5 | Assessments of the 3D printed models. (A) Evaluations by surgeons. (B) Evaluations by young doctors and medical students. (C) Evaluations by
patients.

TABLE 2 | Patient characteristics and the take rate after surgery.

Patient Sex Age (years) Cause of injury Location Injury time (years) Take rate (%)* Complication
1 Male 5 Hot water Left hand 4 98 None

2 Female 19 Hot water Left foot 10 97 Hematoma
3 Female 3 Flame Right foot 2 99 None

4 Male 2 Hot water Right hand 1 98 Hematoma
5 Male 16 Hot water Left eloow joint i 97 None

6 Female 4 Hot water Right foot 2 98 Infection

7 Male 18 Hot water Left hand 15 97 None

8 Female 3 Hot water Right foot 2 97 Necrosis

9 Male 22 Flame Left foot 14 98 None

10 Female 5 Hot water Left hand 3 99 None

11 Female 26 Hot water Left foot 18 97 None

12 Male 18 Flame Right foot 9 99 None

*The take rates of skin autografts were recorded on postoperative day 12.

after scar removal (Alali et al., 2015; Hwang et al., 2015; Martelli
et al,, 2016). However, this method lacked important parameters
such as scar depth and volume, and cannot assess the anatomical
relationship between scars and important anatomical structures
such as nerves, blood vessels, and tendons, which in turn
affects preoperative planning. Furthermore, we also successfully
printed 3D models of deformed bones before surgery in the
present study, measured the angle of the skeletal deformity,

FIGURE 6 | There is a clear limit between the hypertrophic scar and normal
tissue. Surgeons should look for the surgical cutting plane to remove the
integrative hypertrophic scar tissue.

and corrected the angle of the deformity, which would be more
helpful for surgeons to preoperative surgical evaluation and
surgical planning (Figure 2F).

Many studies reported that 3D printed models were used in
clinical practice and achieved good clinical results (Matsumoto
et al., 2015; Rose et al., 2015; Powers et al., 2016; Youssef
et al., 2016). Valverde et al. (2015) also used a Likert scale
to assess the effect of 3D printed models by two experts
for treatment of aortic hypoplasia and that it could reduce
complications and operative time. Liu et al. (2014) demonstrated
that the use of 3D printed models led to a 20% reduction in
operating time. In this study, preparation of such 3D models
for each hypertrophic scar patient can be feasible for surgeons.
Preparation of 3D models has the following advantages. First, 3D
printing can provide physiologically, anatomically, and tactilely
realistic models before surgery. Second, individualized 3D models
can be used for preoperative evaluation to reduce the operation
time and bleeding, which can shorten hospital stay and reduce
hospitalization costs. Third, individualized 3D models provide an
effective way to improve communication and build trust between
patients and doctors. Fourth, individualized 3D models may be
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used to simulate surgery and to teach new doctors (Alali et al,,
2015; Hwang et al., 2015; Matsumoto et al., 2015; Rose et al., 2015;
Martelli et al., 2016; Powers et al., 2016).

CONCLUSION

Preoperative 3D printing technology can provide accurate 3D
models to help surgeons plan operations to resect hypertrophic
scars, help young doctors and medical students learn surgical
methods, enhance communication and trust between patients
and surgeons, and achieve good clinical effects.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/supplementary material.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Review Board of The First
Affiliated Hospital of Sun Yat-sen University. Written informed

REFERENCES

Alali, A. B., Griffin, M. F., and Butler, P. E. (2015). Three-dimensional printing
surgical applications. Eplasty 15:e37.

Amici, J. M. (2014). Early hypertrophic scar after surgery on the nasal region: value
of long-acting corticosteroid injections. Ann. Dermatol. Venereol. 141, 7-13.
doi: 10.1016/j.annder.2013.09.167

Anthonissen, M., Daly, D., Janssens, T., and Kerckhove, E. (2016). The effects of
conservative treatments on burn scars: a systematic review. Burns 42, 508-518.
doi: 10.1016/j.burns.2015.12.006

Butzelaar, L., Ulrich, M. M., Mink, V. D. M. A,, Niessen, F. B., and Beelen,
R. H. J. (2015). Currently known risk factors for hypertrophic skin scarring:
areview. J. Plast. Reconstr. Aesthet. Surg. 69, 163-169. doi: 10.1016/j.bjps.2015.
11.015

Cutroneo, G., Bruschetta, D., Trimarchi, F., Alberto, C., Maria, C., Antonio,
D., et al. (2016). In Vivo CT direct volume rendering: a three-dimensional
anatomical description of the heart. Pol. J. Radiol. 81, 21-28. doi: 10.12659/PJR.
895476

Fitzhugh, A., Naveed, H., Davagnanam, I., and Ashraf, M. (2016). Proposed three-
dimensional model of the orbit and relevance to orbital fracture repair. Surg.
Radiol. Anat. 38, 557-561. doi: 10.1007/s00276-015-1561-1

Gu, X, Yeoh, G. H., and Timchenko, V. (2016). Three-dimensional modeling of
flow and deformation in idealized mild and moderate arterial vessels. Comput.
Methods Biomech. Biomed. Eng. 19, 1395-1408. doi: 10.1080/10255842.2016.
1145211

Hwang, T.J., Kiang, C., and Paul, M. (2015). Surgical applications of 3-dimensional
printing and precision medicine. JAMA Otolaryngol. Head Neck Surg. 141,
305-306.

Lee, K. Y., Cho, J. W., Chang, N. Y., Chae, J. M., Kang, K. H., Kim, S. C,, et al.
(2015). Accuracy of three-dimensional printing for manufacturing replica teeth.
Korean J. Orthod. 45, 217-225. doi: 10.4041/kjod.2015.45.5.217

Lim, A. F., Weintraub, J., Kaplan, E. N, Januszyk, M., Cowley, C., McLaughlin,
P., et al. (2014). The embrace device significantly decreases scarring following
scar revision surgery in a randomized controlled trial. Plast. Reconstr. Surg. 133,
398-405. doi: 10.1097/01.prs.0000436526.64046.d0

consent to participate in this study was provided by the
participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

JZ and BT designed the research, and reviewed and edited the
manuscript. PL, ZH, SH, BT, JZ, PW, YD, PC, and HX performed
the experiment. PL, ZH, and SH wrote the manuscript. BT, JZ,
ZH, and PL researched the data.

FUNDING

This work was supported by research grant 81471875 (JZ),
81571908 (BT), 81871565 (BT), and 81501675 (ZH) from
the National Natural Science Foundation of China, research
grant 2016B090916001 (JZ) from the Science and Technology
Planning Project of Guangdong Province, research grant
2019A1515012208 (ZH) from the Guangdong Provincial
Natural Science Foundation of China, research grant 19ykpy66
(ZH) from the Fundamental Research Funds for the Central
Universities of Sun Yat-sen University, and research grant
2013001 (JZ) and 2018003 (BT) from the Sun Yat-sen University
Clinical Research 5010 Program.

Liu, Y. F,, Xu, L. W,, Zhu, H. Y., and Liu, S. S. (2014). Technical procedures
for template-guided surgery for mandibular reconstruction based on digital
design and manufacturing. Biomed. Eng. Online 23:63. doi: 10.1186/1475-925X-
13-63

Martelli, N., Serrano, C., van den Brink, H., Pineau, J., Prognon, P., Borget, L, et al.
(2016). Advantages and disadvantages of 3-dimensional printing in surgery: a
systematic review. Surgery 159, 1485-1500. doi: 10.1016/j.surg.2015.12.017

Matsumoto, J. S., Morris, J. M., Foley, T. A., Williamson, E. E., Leng, S.,
McGee, K. P, et al. (2015). Three-dimensional physical modeling: applications
and experience at mayo clinic. Radiographics 35, 1989-2006. doi: 10.1148/rg.
2015140260

Olszewski, R., Szymor, P., and Kozakiewicz, M. (2014). Accuracy of
three-dimensional, paper-based models generated using a low-cost,
three-dimensional printer. J. Craniomaxillofac. Surg. 42, 1847-1852.
doi: 10.1016/j.jems.2014.07.002

Orgill, D. P., and Ogawa, R. (2014). Discussion: the embrace device significantly
decreases scarring following scar revision surgery in a randomized controlled
trial. Plast. Reconstr. Surg. 133, 406-407. doi: 10.1097/01.prs.0000436812.
73412.a4

Pfeil, A., Haugeberg, G., Renz, D. M., Li, R, Christian, J., Marcus, F., et al.
(2017). Digital X-ray radiogrammetry and its sensitivity and specificity for the
identification of rheumatoid arthritis-related cortical hand bone loss. J. Bone
Miner. Metab. 35, 192-198. doi: 10.1007/s00774-016-0741-3

Ploch, C. C., Mansi, C. S., Jayamohan, J., and Ellen, K. (2016). Using 3D printing
to create personalized brain models for neurosurgical training and preoperative
planning. World Neurosurg. 90, 668-674. doi: 10.1016/j.wneu.2016.02.081

Powers, M. K,, Lee, B. R,, and Silberstein, J. (2016). Three-dimensional printing
of surgical anatomy. Curr. Opin. Urol. 26, 283-288. doi: 10.1097/MOU.
0000000000000274

Rashaan, Z. M., Stekelenburg, C., van der Wal, M. B., Euser, A. M., Hagendoorn,
B. J. M., Zuijlen, P., et al. (2016). Three-dimensional imaging: a novel, valid,
and reliable technique for measuring wound surface area. Skin Res. Technol. 22,
443-450. doi: 10.1111/srt.12285

Rose, A. S., Webster, C. E., Harrysson, O. L., Formeister, E. J., Rawal, R. B,
and Iseli, C. E. (2015). Pre-operative simulation of pediatric mastoid surgery

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

March 2020 | Volume 8 | Article 115


https://doi.org/10.1016/j.annder.2013.09.167
https://doi.org/10.1016/j.burns.2015.12.006
https://doi.org/10.1016/j.bjps.2015.11.015
https://doi.org/10.1016/j.bjps.2015.11.015
https://doi.org/10.12659/PJR.895476
https://doi.org/10.12659/PJR.895476
https://doi.org/10.1007/s00276-015-1561-1
https://doi.org/10.1080/10255842.2016.1145211
https://doi.org/10.1080/10255842.2016.1145211
https://doi.org/10.4041/kjod.2015.45.5.217
https://doi.org/10.1097/01.prs.0000436526.64046.d0
https://doi.org/10.1186/1475-925X-13-63
https://doi.org/10.1186/1475-925X-13-63
https://doi.org/10.1016/j.surg.2015.12.017
https://doi.org/10.1148/rg.2015140260
https://doi.org/10.1148/rg.2015140260
https://doi.org/10.1016/j.jcms.2014.07.002
https://doi.org/10.1097/01.prs.0000436812.73412.a4
https://doi.org/10.1097/01.prs.0000436812.73412.a4
https://doi.org/10.1007/s00774-016-0741-3
https://doi.org/10.1016/j.wneu.2016.02.081
https://doi.org/10.1097/MOU.0000000000000274
https://doi.org/10.1097/MOU.0000000000000274
https://doi.org/10.1111/srt.12285
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Liu et al.

3D Printed of Hypertrophic Scars

with 3D-printed temporal bone models. Int. J. Pediatr. Otorhinolaryngol. 79,
740-744. doi: 10.1016/j.ijporl.2015.03.004

Schepers, R. H., Kraeima, J., Vissink, A., Lahoda, L. U., Roodenburg, J. L. N,
Reintsema, H., et al. (2016). Accuracy of secondary maxillofacial reconstruction
with prefabricated fibula grafts using 3D planning and guided reconstruction.
J. Craniomaxillofac. Surg. 44, 392-399. doi: 10.1016/j.jcms.2015.12.008

Seo, B. F., and Jung, S. N. (2016). The immunomodulatory effects of mesenchymal
stem cells in prevention or treatment of excessive scars. Stem Cells Int.
2016:6937976. doi: 10.1155/2016/6937976

Silberstein, J. L., Maddox, M. M., Dorsey, P., Feibus, A., Thomas, R, and Lee, B. R.
(2014). Physical models of renal malignancies using standard cross-sectional
imaging and 3-dimensional printers: a pilot study. Urology 84, 268-272. doi:
10.1016/j.urology.2014.03.042

So, K., Mcgrouther, D. A., Bush, J. A., Durani, P., Taylor, L., Skotny, G., et al. (2011).
Avotermin for scar improvement following scar revision surgery: a randomized,
double-blind, within-patient, placebo-controlled, phase II clinical trial. Plast.
Reconstr. Surg. 128, 163-172. doi: 10.1097/PRS.0b013e318217429b

Srougi, V., Rocha, B. A., Tanno, F. Y., Almeida, M., Baroni, B., Mendonga, B.,
et al. (2016). The use of three-dimensional printers for partial adrenalectomy:
estimating the resection limits. Urology 90, 217-221. doi: 10.1016/j.urology.
2015.11.043

Valverde, 1., Gomez, G., Coserria, J. F., Suarez-Mejias, C., Uribe, S., Sotelo, J.,
etal. (2015). 3D printed models for planning endovascular stenting intransverse
aorticarch hypoplasia. Catheter. Cardiovasc. Interv. 85, 1006-1012. doi: 10.
1002/ccd.25810

Wu, A. M,, Shao, Z. X., Wang, J. S., Yang, X. D., Weng, W. Q., Wang, X. Y., et al.
(2015). The accuracy of a method for printing three-dimensional spinal models.
PLoS One 10:124291. doi: 10.1371/journal.pone.0124291

Yin, H., Dong, X,, and Yang, B. (2015). A new three-dimensional measurement
in evaluating the cranial asymmetry caused by craniosynostosis. Surg. Radiol.
Anat. 37, 989-995. doi: 10.1007/s00276-015-1430-y

Yong, W. J,, Tan, J., Adikrishna, A., Lee, H. Y., Jung, J. W., Cho, D. W, et al.
(2014). Morphometric analysis of the proximal ulna using three-dimensional
computed tomography and computer-aided design: varus, dorsal, and torsion
angulation. Surg. Radiol. Anat. 36, 763-768. doi: 10.1007/500276-014-1260-3

Youssef, R. F., Spradling, K., Yoon, R., Dolan, B., Chamberlin, J., Okhunov, Z., et al.
(2016). Applications of three-dimensional printing technology in urological
practice. BJU Int. 116, 697-702. doi: 10.1111/bju.13183

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Liu, Hu, Huang, Wang, Dong, Cheng, Xu, Tang and Zhu. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

March 2020 | Volume 8 | Article 115


https://doi.org/10.1016/j.ijporl.2015.03.004
https://doi.org/10.1016/j.jcms.2015.12.008
https://doi.org/10.1155/2016/6937976
https://doi.org/10.1016/j.urology.2014.03.042
https://doi.org/10.1016/j.urology.2014.03.042
https://doi.org/10.1097/PRS.0b013e318217429b
https://doi.org/10.1016/j.urology.2015.11.043
https://doi.org/10.1016/j.urology.2015.11.043
https://doi.org/10.1002/ccd.25810
https://doi.org/10.1002/ccd.25810
https://doi.org/10.1371/journal.pone.0124291
https://doi.org/10.1007/s00276-015-1430-y
https://doi.org/10.1007/s00276-014-1260-3
https://doi.org/10.1111/bju.13183
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Application of 3D Printed Models of Complex Hypertrophic Scars for Preoperative Evaluation and Surgical Planning
	Introduction
	Materials and Methods
	Patients
	Image Processing and 3D Printing
	Validating Accuracy of the 3D Printed Models
	Surgical Procedure and Postoperative Visits
	Evaluation of the 3D Models
	Statistical Analysis

	Results
	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


