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Brief Report

Mesh-type 3D printing of human organs and tumors:
fast, cost-effective, and personalized anatomic model-
ing of patient-oriented visual aids
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Abstract: Although 3D-printed anatomic models are not new to medicine, the high costs
and lengthy production times entailed have limited their application. Our goal was devel-
oping a new and less costly 3D modeling method to depict organ-tumor relations at faster
printing speeds. We have devised a method of 3D modeling using DICOM images. Coor-
dinates are extracted at a specified interval, connecting them to create mesh-work replicas.
Adjacent constructs are depicted by density variations, showing anatomic targets (ie, tu-
mors) in contrasting color. An array of organ solid-tumor models were printed via Fused
Deposition Modeling 3D printer at significantly less cost ($0.05/cm?) and time expendi-
ture (1.73 min/cm3; both, p<.001). Printed models helped promote visual appreciation of
organ-tumor anatomy and adjacent tissues. Our mesh-work 3D thyroidal prototype repro-
duced glangular size/contour and tumor location, readily approximating the surgical spec-
imen. This newly devised mesh-type 3D printing method may facilitate anatomic model-
ing for personalized care and improve patient awareness during informed surgical consent.
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1. Introduction

To obtain patient consent for an operation, the nature of the proce-
dure must be explained, as well as expected benefits and potential risks
or adverse effects, alternative treatment options, and likely outcomes if
surgery is declined [1]. Appropriate and well-documented informed con-
sent is mandatory to preclude civil action for negligence or otherwise pro-
tect medical staff from legal conflicts [2,3]. Unfortunately, attempts to
convey the fundamentals of intended procedures sometimes fail, depriv-
ing patients of proper working knowledge for granting consent [4]. There
are reports that visual aids used to supplement verbal descriptions allow
better conceptualization and processing of the information delivered
[5,6]. Three-dimensional (3D) models, in particular, may depict the visual
aspects of procedures more effectively. Recently, 3D printers have been
studied expressly for this purpose [7-9].

3D-printed anatomic models are widely used in surgical fields, par-
ticularly in orthopedic and maxillofacial specialties, as operative guides
or templates for surgical planning, implant design, molding of prosthet-
ics, and patient selection [10]. They have also been an asset in patient ed-
ucation [7,8]. Personalized 3D models that replicate actual organ or tissue
conditions may aid in evaluating disease states and help expedite pre-
operative preparations [11]. However, such models have not yet proven
cost-effective, the expense and time invested acknowledged as shortcom-
ings [7,8,10].

The present study was undertaken to preliminarily investigate a
mesh-type 3D modeling technique for solid tumors that effectively re-
duces cost and printing time, without loss of organ-tumor anatomic rela-
tions.

2. Methods
2.1. Ethical considerations
The institutional review board at the National Cancer Center, Re-

public of Korea approved our study protocol (IRB No. NCC2020-0248).
No patient data was collected, so required informed consent was waived.

2.2. Personalized mesh-type 3D modeling and two-color 3D printing

Our newly devised modeling method is intended to limit unneces-
sary input while ensuring the accuracy of organ-tumor anatomic depic-
tions. Normal structures are portrayed in one color (ie, white) as differing
mesh densities, with tumors shown in sharply contrasting hue (ie, blue)
(Figure 1).
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Figure 1. Examples of mesh-type 3D modeling: (a) Tumor of thyroid gland; (b)
thyroid gland and adjacent cartilage; (c) maxillary tumor (lateral view); (d) para-
thyroid adenoma (posterior view); (e) breast tumor; and (f) right lung nodule
(lateral view). Note: each tumor printed in blue, adjacent structures shown as
differing mesh densities.

The segmentation of organs and tumors in DICOM images may be
done manually or using deep learning techniques [12]. To confirm the
feasibility of this mesh-type 3D modeling, we prepared images through
manual segmentation. A segmented area or ‘mask’ was expressed as a 2-
dimensional array in programming language. Masks were then stacked
to build 3D arrays and resampled to reflect actual sizes, based on original
pixel spacing and slice thickness. The final step was the marking of tumor
locations and areas. All 3D arrays were subsequently reconfigured to 3D
representations in triangular meshes, using the Trimesh package
(v2.38.24) in Python language [13]. After smoothing, the density of every
structure was set by stipulating one vertex per designated area (eg, 4.5
mm?). Using the PyQt5 library (v5.15.0, Riverbank Computing Ltd, Dor-
chester, UK), an application capable of handling the entire process was
invoked to do so (Figure 2). Such vertex/facet restrictions enabled com-
pletion of our mesh-type 3D models.
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Figure 2. Thyroidal prototype of mesh-work 3D modeling: (a) segmentation of
thyroid gland in tomographic image; (b) reconstruction via triangular mesh; (c)
surface smoothing; (d) resultant 3D model.

We engaged a two-color 3D printer (3DWOX 2X; Sindoh, Seoul, Re-
public of Korea) and its slicer software (3DWOX Desktop; Sindoh) for
model fabrication. This printer works in Fused Deposition Modeling
(FDM) mode, extruding polylactic acid (PLA) as the material of choice.
Ultimately, we confirmed the clinical potential of a 3D-printed thyroidal
prototype by comparing it with the corresponding thyroidectomy speci-
men.

3. Results

Several organ-tumor models were printed in this manner (Figure 1).
By varying mesh densities, disparate structures were distinguishable as
follows: thyroid lobe and trachea (Figure 1c), maxillary bone and teeth
(Figure 1d), breast and nipple (Figure 1e), and the three lobes of right
lung (Figure 1f). The mesh style is indicative of tumor occupancy in 3D
(even if inside solid organs), without the need of transparent material.

Printed dimensions (relative to actual size), printing time, post-pro-
cessing time, and cost were evaluated in each organ-tumor model (Table
1). Post-processing time was spent removing model support structures
that the slicer program automatically applied. Both printing time and cost
significantly correlated with 3D model size: 1.73 min/cm? (p<.001) and
$0.05/cm? (p<.001).

Table 1. Specifications, production times, and costs of various mesh-type 3D
models.
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Dimensions Relationto Printing Post-processing

Model
ode (cm) actual size time time (min) Cost
Thyroid tumor 5.3x3.0x 6.5 1 2h50m 10 $2.72
Thyroid gland and
yrole glanc and - ¢ 5 x4.3x9.3 1 9h15m 10 $8.69
adjacent cartilage
Maxillary tumor 71x5.7x4.7 1 9h4m 15 $8.24
Parathyroid adenoma 4.0x3.1x5.5 1 5h3m 10 $3.71
Breast tumor 6.2x5.2x5.9 Vs 6h4lm 5 $7.78
Lung nodule 68 1);85'0 X Y 23h4m 40 $33 6

We also compared a 3D-printed model of thyroid gland with the ac-
tual thyroidectomy specimen, shown in Figure 3. There was no observed
disparity in glandular size or contour. The model and surgical specimen
also corresponded well in terms of tumor location.
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Figure 3. Side-by-side comparison of 3D-printed thyroidal prototype and corre-
sponding surgical specimen.

4. Discussion and Conclusion
4.1. Discussion

In the context of tumors, adequate information and understanding
conveyed to a competent patient provides a sound basis for voluntary
and rational decision-making [14]. Thus, the primary goal of informed
surgical consent is establishing a rudimentary appreciation of key princi-
ples, including organ anatomy, physiology, and attributes; tumor loca-
tion; and potential operative complications [7]. In portraying a solid tu-
mor, capsular breech and invasion of surrounding tissues are other im-
portant considerations that a 3D model effectively addresses. A person-
alized model rendered by 3D printer reinforces the mutual sense of
awareness needed between patient and physician [7]. Only a few studies
to date have tested 3D models in patients facing thoracic, kidney, or or-
thopedic surgeries, but they have regularly shown improved preopera-
tive understanding or satisfaction [7-9]. Still, a number of issues pertain-
ing to cost, resolution and duration of printing, and material texture must
be resolved before 3D-printed models become more mainstream [11].

Our novel methodology offers several advantages. The customary
segmentation of targeted objects entailed in 3D reconstruction of tomo-
graphic images is readily applicable to mesh-type 3D modeling. Hence,
newer CT systems are not required, and routine CT protocols for specific
organs may be utilized. Likewise, an expensive 3D printer is not essential.
Even if just two colors are available, organs or organ parts may be printed
differentially by merely changing mesh densities. Filament requirements
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(and thus costs) are similarly reduced because the printed organs are
largely empty inside. Given a magnitude <10 cm, most models were fab-
ricated within half a day. Thus, the day after computed tomography or
magnetic resonance imaging studies are obtained, completed models are
feasible.

There is some concern that mesh-type 3D modeling results do not
accurately reflect the organs or the tumors they represent. However, fur-
ther attempts at refinement may nevertheless impose unwanted steps.
For example, CT imaging at 1-mm slice thickness (vs routine setting) as a
means of enhancing replication demands higher radiation exposure. Alt-
hough not statistically proven, the size and contour of a printed thyroid
gland and the tumor situated within it satisfactorily mimicked attributes
of the corresponding surgical specimen, confirming this approach as a
viable tool for personalized care.

With regard to study limitations, PLA output is clearly of low qual-
ity, lacking sophistication [15]. Stringing may also develop as a technical
issue, although this is avoidable by controlling printer settings or resort-
ing to non-FDM 3D printing techniques. We could not pursue internally
filled models (delineating tumors) to compare costs and printing times,
because no transparent or translucent PLA filament was compatible with
our printer; and even half-size printing of a large organ (such as lung)
called for nearly an entire day. Overall, our model depicts actual organ
size and tumor location at low levels of resolution. To truly establish its
merit, prospective research is needed.

4.2. Conclusion

We have devised a mesh-type 3D modeling technique involving less
cost and faster completion than full 3D printing efforts. This approach
may facilitate the fabrication of anatomic models for personalized care,
helping patients to conceptualize various organs, tumors, and surround-
ing tissues during informed surgical consent.
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