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reconstruction technology combined
with three-dimensional printing in the
treatment of pectus excavatum
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Abstract:

OBJECTIVES: To explore the clinical value of three-dimensional (3D) reconstruction technology
combined with 3D printing in the treatment of pectus excavatum (PE).

METHODS: The clinical data of 10 patients with PE in our department from June 2018 to December
2020 were analyzed retrospectively. All patients underwent thin-layer computed tomography
examination before the operation, and then 3D reconstruction was performed with Mimics 20.0
software. The radian and curvature of the pectus bar were designed according to the reconstructed
images. Afterward, the images were imported into the light-curing 3D printer in STL format for slice
printing. Hence that the personalized operation scheme, including the size of the pectus bar and
the surgical approach, can be made according to the 3D printed model. The thoracoscopic-assisted
Nuss operation was completed by bilateral incisions. The operation time, intraoperative blood loss,
and postoperative hospitalization were counted and analyzed. The satisfaction of the surgery was
evaluated according to the Haller index and the most posterior sternal compression sternovertebral
distance.

RESULTS: The surgeries were successfully completed in 10 patients without a transfer to
open procedure. The average operation time was (56 + 8.76) min, the intraoperative blood loss
was (23.5 + 11.07) mL, and the postoperative hospitalization was (7.2 + 0.92) d. There were no
serious complications or death during the perioperative period. Compared with the data before the
operation, the most posterior sternal compression sternovertebral distance was larger, and the Haller
index was lower, the differences were statistically significant (P < 0.05).

CONCLUSIONS: 3D reconstruction technology combined with 3D printing, which can be used before
operation, contributes to the operator performing thoracoscopic-assisted Nuss operation safely and
effectively, which has productive clinical application value for the treatment of pectus excavatum.
Keywords:

Nuss, pectus excavatum, thoracoscopic-assisted surgery, three-dimensional printing,
three-dimensional reconstruction

The incidence rate of PE is about 0.1%-

Pect'us excavatum (PE) is the most common
0.3%, whereas males are affected three

congenital chest wall deformity, which
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is characterized by posterior depression of
sternum and lower costal cartilages resulting
in a “funnel chest.”!"* It is usually caused
by congenital developmental anomaly;
however, the specific causes are not clear.
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to four times more often than females.
Statistics also show that the incidence rate
in Asia is higher than that in Europe and
America. When it causes cardiopulmonary
complications that lead to chest pain,
shortness of breath, dyspnea on exertion,
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and exercise intolerance, it usually needs surgical
correction.! Long years ago, the surgical treatment of
PE was mainly in open operation, which needed to cut
open the sternum and other bone structures with great
trauma. It was not until May 1997 that Dr. Donald Nuss
implemented the new minimally invasive surgery for the
first time in the American Pediatric Surgery Association
that a new chapter in the invasive surgical treatment
of PE was opened.P! With the continuous exploration,
development and improvement of minimally invasive
technology and the continuous maturity of thoracoscopic
technology, thoracoscopic-assisted Nuss surgery has
also become the mainstream surgical treatment of PE.
The crux of the operation is that experienced surgeons
need to select the most appropriate intercostal orthopedic
plate and adjust the radian and curvature of the pectus
bar during the operation. The difficulty of the surgery
for the operator is positively correlated with the severity
of the chest wall deformity. The size, length, and
curvature of the pectus bar needed during the operation
are important factors to the success of the surgery and
postoperative satisfaction.”! Therefore, there were several
limitations for the traditional Nuss procedure. Although
advanced radiological technology, such as computed
tomography (CT) and computer three-dimensional (3D)
visualization, has been utilized for the evaluation of chest
wall deformity, it was difficult to evaluate the repair
efficacy of Nuss surgery. Moreover, to assess the size and
curvature of the pectus bar accurately was still difficult
because of the mobility of the thorax after surgery,
which might cause the displacement and looseness of the
bar. 3D reconstruction and 3D printing technology are
widely used in preoperative planning and formulation
to overcome these weaknesses.”! 3D reconstruction and
3D printing technology, which have been employed in
our department to draw up the preoperative protocol,
combined with thoracoscopic-assisted Nuss surgery,
which was accomplished with bilateral incisions, has
achieved favorable operation effect and postoperative
satisfaction.

Methods

General information

A total of 10 patients with PE needing surgery treatment
in our department from June 2018 to December 2020
were retrospectively analyzed, including 7 males and
3 females. The youngest was 9 years old and the oldest
was 17 years old, with an average age of 12.6 + 2.32 years.
All patients underwent blood routine examination,
thin-layer CT, cardiac ultrasound, pulmonary function,
and electrocardiogram before operation to evaluate the
severity of the disease. According to CT images, the
maximum internal transverse diameter of the thorax at
the deepest depression and the most posterior sternal
compression sternovertebral distance were measured,

and then the Haller index was calculated (ratio of the
transverse diameter of the chest to the anteroposterior
distance, as measured from the anterior border of the
vertebral body to the posterior border of the sternum),
with an average of 4.13 = 0.31.

Inclusion and exclusion criteria

Inclusion criteria

(1) PE was diagnosed by clinical symptoms and imaging,
including X-ray or CT examination; (2) PE was caused
by congenital dysplasia;® (3) no psychiatric symptoms
and communication barriers; (4) patients had adequate
cardiopulmonary function to tolerate the operation;
(5) Haller index >3.2;1*%1(6) this study was approved
by the Ethics Committee (Ethics approval number:
2018-012). All patients volunteered to participate in the
study and signed informed consent forms.

Exclusion criteria

(1) Patients had other congenital thoracic deformities;
(2) patients had congenital cardiovascular and
cerebrovascular diseases, severe liver and kidney
dysfunction, malignant tumors, or other such diseases;
(3) patients had coagulation defects; (4) patients were
seriously allergic to the plastic steel plate.l®!

Three-dimensional reconstruction and three-
dimensional printing

Thin-layer CT scanning with a slice thickness of 1 mm
was applied before operation. The imaging data were
imported into Mimics Medical 20.0 software in DICOM
format. The Split Mask function in the software can
accurately extract the cortical bone in the sternum. At
the same time, the low-density fibrous cartilage in the
sternum was not selected. Then, the image was edited
by using the tools provided in the Multiple Slice Edit
function to remove useless tissues or organs and reduce
the interference to the model layer by layer. These two
steps were cumbersome, while they could confirm the
structural accuracy. After that, the sternum could be
reconstructed and the digital model was smoothed by
Geomagic Wrap software to compensate for coarseness
caused by the segmentation making sure that it would
not change the characteristics of the thorax structures,
as shown in Figures 1 and 2.

The reconstructed images were exported as STL format to
the light-curing 3D printer for slice printing (supported
by Nanjing Medprint Medical Technology Co., Ltd.).
The thoracic model was printed by stereolithography
apparatus, which is a technology with high precision and
fast speed of 3D printing technology. This technology
takes photosensitive resin as raw material and relies on
photopolymerization. The ultraviolet laser was under
the control of the computer and liquid resin was scanned
according to the contour of each layered section of the
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predetermined model, so that a thin layer section of
the model could be formed. At last, a 3D printed (3DP)
thoracic model was obtained through mechanically
stacking layer by layer, as shown in Figure 3. According
to the 3DP PE model, the size of the pectus bar could
be determined, the surgical approach and trajectories
of the pectus bar could be confirmed, the personalized
surgical scheme could be planned and the operation
could be demonstrated for family members of patients,
as shown in Figure 4.

Surgical methods

The patients received endotracheal intubation through a
single lumen, routine anesthesia, and muscle relaxation.
All the patients were given antibiotics 30 min before
the operation. When the general anesthesia produced
the effect, the patient was laid in the supine position
and the operation field was disinfected. According to
the preoperative 3D reconstruction and 3DP model, the
deepest level of the PE was positioned. A skin incision
of approximately 1.5-2 cm was made vertical to the
longitudinal axis near each midaxillary line, and a
submuscular tunnel was created along each incision to
the anterior chest wall until the intersection of the funnel
edge and the predesigned intercostal space.

A perforating guider was placed into the tunnel via
the right high-level incision under the guidance of
the thoracoscope. The pectus bar whose radian and
curvature have been shaped based on the preoperative
reconstruction image was entered into the chest cavity
through the predesigned intercostal space, carefully
moved through the clearance between the anterior
mediastinum and sternum while closely adhering to the
posterior sternum, and moved out of the chest cavity

Figure 3: The pectus excavatum of three-dimensional printed thoracic model (the
ratio was 1:1)

at the symmetric intercostal space on the left side. The
position of the pectus bar was adjusted to make sure that
the thorax is lifted and well-shaped. A stabilizer was set
at the right end, the pectus bar was combined with steel
wire, and then the pectus bar was reinforced on the rib.
Gas in the chest cavity was discharged and the lungs
were inflated. There was no active bleeding through the
observation of thoracoscopy and the bilateral incisions
were sutured layer by layer. Routine placement of the
chest tube was not needed. The operation time and
intraoperative blood loss were recorded. The patients
were followed up at 1-month postoperation and 6-month
postoperation to calculate the Haller index again.

Statistical analysis

All data were expressed as (X+s) and analyzed
using SPSS 22.0 (IBM, Armonk, N.Y, USA). A t-test was
used to compare two groups. P < 0.05 was considered
statistically significant.

Results

1. All the surgeries were successfully completed without
conversion to thoracotomy. The average operation

Figure 2: Before exporting the data to the three-dimensional printer, the digital
model was smoothed

Figure 4: Application of three-dimensional printed Pectus excavatum model
before thoracoscopic-assisted NUSS surgery. (a) Different sizes of the pectus bar;
(b and c) to determine the size of the pectus bar; (d) to confirm the trajectory of the

pectus bar; (e) to demonstrate the surgical procedure
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time was (56 + 8.76) min, the intraoperative blood = 2. Compared with the data before the operation, the

loss was (23.5 + 11.07) mL, and the postoperative most posterior sternal compression sternovertebral
hospitalization was (7.2 = 0.92) d, as shown in distance was larger, and the Haller index was lower,
Table 1. There were no serious complications or death the differences were statistically significant (P < 0.05),
during the perioperative period. The postoperative as shown in Table 2.

X-ray examination confirmed that there was no

depression in the sternum and no displacement Discussion

of the orthopedic plate. It's obvious to show the

symmetrical appearance of the thorax with good  Chest wall deformities are structural abnormalities of
elasticity and extension, as shown in Figures 5-8. The ~ the chest, among which PE is the most common one.
last but not the least, the patients and their family ~ Its clinical manifestation is that the sternum and its
members were satisfied with the surgical effect accompanying costal cartilage are sunken to the spine
with the funnel-shaped appearance, just as its name
implies. PE is caused by the excessive growth of the costal
cartilage, resulting in a concave anterior chest wall.”!
About 90% of children were shown the symptoms within
1 year of birth, and the symptoms gradually worsened

Figure 5: Comparison of patients” appearance during perioperative period.

(a and b) The appearance before surgery; (c) The appearance at the 7-day
postoperation (discharge day). (This little girl was 13 years old when she came to our
department. She complained that she had found the pectus excavatum for more than

3 years. Thoracoscopic-assisted Nuss operation was completed on July 15, 2020)

Figure 6: Anatomical position at 1-month postoperation

Figure 7: Imaging comparison of patients during perioperative period. (a) Thin-layer
computed tomography image before surgery; (b) thin-layer computed tomography

image after surgery, the highlight is the pectus bar; (c) there was no depression Figure 8: Validation of three-dimensional reconstructed images. (a): The image
in the sternum and no displacement of the orthopedic plate after surgery from the before surgery; (b) The image after surgery, and the pectus bar was penetrated
X-ray image from the fifth intercostal space

Table 1: General information and Surgical data of the patients (X+S)

Gender Age (years old) Operation time (min) Intraoperative blood loss (mL) Postoperative hospitalization (d)
Male Female
7 3 12.6+2.32 56+8.76 23.5+11.07 7.2+0.92
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Table 2: Comparison of indexes during the
perioperative period (X+S)

Period Cases Haller The most posterior sternal
index compression sternovertebral
distance (mm)
Preoperation 10 4.13+0.31 52.46+1.43
1-month 10  3.19+0.13 60.72+2.25"
postoperation
6-month 10  2.78+0.13 64.58+1.98"

postoperation
*Compared with preoperation, P<0.05

with age.['”! The pathogeny of congenital PE is complex
and cannot be completely expounded at present. Most
scholars believe that it may be related to uncoordinated
rib growth, sternal development disorder, abnormal
diaphragm development, abnormal bone alkaline
phosphatase and genetic factors."! According to the
Haller index, PE can be divided into different severity
levels. Haller index <3.2 is the mild level, 3.2 <Haller
index <3.5 is the moderate level, and 3.6 <Haller
index <6.0 is the severe level. As we all know, the degree
of harms to children’s cardiopulmonary function is
positively correlated with the degree of depression.!*?
If the orthopedic treatment is not timely, it can lead to
the hunchback and poor growth, further to the change
of chest space and volume, which would endanger
the heart, the lung and other organs, causing serious
damage to the children’s physical and mental health and
increasing the family burden.

Surgery is an effective method for the treatment
of PE, which can not only repair the abnormal
morphology but also prevent further damage to
cardiopulmonary functions caused by the compression
of sternal depression.® There were several surgical
methods previously, including sternal turnover, sternal
uplift (Ravitch) and its modified methods. In recent
years, nonoperative vacuum bell for PE and bracing for
pectus carinatum have been applied with satisfactory
results.'"1? The advent of minimally invasive Nuss
surgery was wildly recognized as the revolution of PE
surgery. It has become the mainstream surgical method
for the treatment of PE because of its advantages of lower
mortality, less surgical trauma, lower complication rates,
shorter operation time, less operative blood loss, shorter
hospitalization, and faster recovery.!'*!>! Children are still
in the stage of growth, and their bone structures are not
yet mature, which have certain compliance and greater
plasticity. As a consequence, the depressed thorax can
achieve the effect of correction and remodeling under
the long-term influence of external force.l'!! Based on
this theory, Nuss innovatively put the steel plate which
has shaped according to the thoracic depression into the
thorax, nearing to the sternum, so that the depressed
sternum and costal cartilage can raise up the thorax to
achieve the purpose of shaping through the support of

the orthopedic steel plate.l”? The Nuss procedure was
suggested in the pediatric population, but the patients’
selection in adulthood should be decided cautiously
for the association with higher surgical risk, more
postoperative complications, and longer operation
time. At the outset, the preferable age was infancy
because of the plasticity of the infant’s sternum. With
the depth of research, it is said that surgical treatment
is recommended in adolescence when the sternum is
closer to skeletal maturity but also remains moldable to
a certain degree.l's"

When Pro. Jacobaeus in Sweden utilized the endoscope
with the light source to insert into the patient’s chest
for the first time, a new era of thoracoscopic surgery
was opened. Furthermore, the diagnosis mode and
surgical methods of thoracic diseases have changed
fundamentally in the following more than 100 years.*
There is no doubt that thoracoscopy also affected the
minimally invasive Nuss operation which has obvious
better early effects. Some scholars believe that the
depression of PE can cause the left displacement of
mediastinum. As a result, the assistance of thoracoscopy
inserting from the right side can broaden the surgical
field of vision, improve surgical safety and enhance the
surgical effect. Some scholars have also proposed that
the operation can be completed through the xiphoid
process approach, the left approach or the bilateral
approach.?" The mobility of thorax during breathing
makes it different from other organs. The location of
ribs, centrums, and sternum would move after the
orthopedics of the thorax. However, regardless of the
approach, the depression sternum was supported by
the pectus bar, which was loaded against the ribs.
Therefore, the choice of substernal force point in surgery
can significantly influence the repair efficacy. As a coin
has two sides, for some patients with asymmetric or
severe PE, it became more difficult to make sure the
optimal substernal force point. It is worth noting that the
successful implementation of PE surgery highly depends
on the experience of the surgeon, which leads to the
uncertainty of repair efficacy. To sum up, the selection
of substernal force points and trajectories of the pectus
bar has become especially important./#%!

With the continuous research and updating of
3D reconstruction and 3D printing technology,
they spread more and more wildly and have been
already applied as an alternative strategy for surgical
decision-making. The technology is a favorable tool
for specific description and stereoscopic display of
anatomical and morphological features of organs,
which provides great assistance for surgeons to evaluate
surgical risks, plan surgical approaches and simulate
surgical operations.” Three-dimensional reconstruction
technology has been widely used in general surgery
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and orthopedics.?%! 3D printing, also known as
additive manufacturing and rapid printing, has the
advantages of fast construction, high precision, and
personalized production, which speed up its application
in the medical field, especially in surgical planning and
operation.®! 3D printing technology mainly includes
fused deposition modeling, powder bed fusion, and
stereolithography appearance (SLA).*' In our study, the
SLA technology was used without producing thermal
diffusion and thermal deformation. In addition, the
chain reaction can be accurately controlled to ensure
that the polymerization reaction does not occur outside
the laser point. On account of this, SLA technology is
equipped with high machining precision and satisfied
surface quality.

In our study, 10 patients with PE treated in our
department from June 2018 to December 2020 were
retrospectively analyzed. The Haller index measured
before operation indicated a severe level of PE, with
an average index of 4.13 + 0.31. The depressed sternum
and costal cartilage were displayed from different
angles by 3D reconstruction technology. Furthermore,
3D-printed thoracic models allowed us to clearly
identify the dimensions of the deformities and the
exact intercostal space of the trajectories of the pectus
bar, which is shaped according to the symmetry and
severity of the chest deformity. 3D printed models
also can help us to find the optimal substernal force
point by penetrating the pectus bar in these models
before surgery and make sure the appropriate
intercostal space, making the surgical scheme more
individualized and precise. At the same time, the 3D
printed models can also be utilized for preoperative
conversation by the surgical simulation to help patients
and their families understand the operation process
and risks more clearly. Thoracoscopic-assisted Nuss
operation adopts double incisions by right approach
with satisfied operation field and low surgical
risk. All the surgeries were successfully completed
without conversion to thoracotomy. The average
operation time was (56 + 8.76) min, the intraoperative
bleeding was (23.5 + 11.07) mL and the postoperative
hospital stay was (7.2 = 0.92) d. There were no
serious complications and no death cases during the
perioperative period. During the follow-up after the
operation, the patients and their family members
were satisfied with the surgical effect while there was
no depression in the sternum and no displacement or
looseness of the orthopedic plate. Compared with the
data before the operation, the most posterior sternal
compression sternovertebral distance was larger,
and the Haller index was lower, the differences were
statistically significant (P < 0.05), which provided a
favorable space for the development and maturation
of the heart and lung.

Conclusions

3D reconstruction and 3D printing technology combined
with thoracoscopic-assisted Nuss surgery is conducive to
improve the surgical efficacy with precious application
value for the treatment of patients with PE, which
is worthy of further promotion in clinical practice.
However, we acknowledge several limitations of this
study, including the small sample size of 10 patients,
which needs more data to support the study. Besides,
as mentioned in this paper, the pectus bar used in the
operation was still the traditional orthopedic steel plate,
which needs manual bending and correction before
operation. Even if there are more accurate data after
reconstruction, it still can not perfectly fit the patient’s
own configuration. Therefore, our research group will
print the precise prebending of the pectus bar by 3D
printing technology. In addition, it still takes high cost,
and how to reasonably solve the cost problem needs to
be further discussed in clinical practice. We firmly believe
that as the 3D printing technology becomes widely
accepted, the cost will most likely decrease. In the future,
this technology or computer-assisted design systems for
medical applications will continue to expand.
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