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wound size.

1 | INTRODUCTION

Enteroatmospheric fistula is a complex pathology that usually results
from a post-surgical complication. Anatomically, it consists of a com-
munication between the gastrointestinal tract and the surface of an
open abdominal wound.*~2 Although its main treatment is very com-
plex, one of the fundamental aspects is the local management of
the wound. Its initial treatment primarily depends on local control of
the wound. Therefore, it is necessary to have a device that, associ-
ated with Negative Pressure Wound Therapy (NPWT), prevents the
intestinal contents to be in contact with the wound, to avoid con-
tamination and promote healing. Wound management is very com-
plex due to the extensive clinical variability they present, involving
different intestinal tracts and a variable number of fistulous orifices
on the surface of the wound, through which the intestinal debit
from the abdominal cavity is collected.? Another characteristic of
this pathology is its variability over time, which means that a patient
requires different devices during the healing process, either because
the abdominal wound becomes smaller or because the intestinal sur-
face becomes larger during the healing process. So far, different
techniques have been described that aim to isolate the intestinal
contents of the wound from the abdominal wall, so that the wound
is not in contact with the intestinal fluid and the wound can be
healed. Different techniques allow the isolation and the correct
granulation of the wound, as they help to create a “floating
stoma.”?> However, these devices have a standard size and they are
not valid for all types of fistulas, since as we mentioned before, the
wounds present a high clinical variability and different sizes. Thus,
personalized treatment is required.

Additive manufacturing is one of the most revolutionary and
powerful techniques from the last decades. It is known for creating
prototypes and structures quickly and economically with a fine degree
of resolution.* The 3D printing industry has allowed great advances in
medical equipment, implant material, and cell printing,® paving the
way for the rapid printing of artificial devices or prostheses by facili-
tating tissue regeneration. It allows personalized treatments to be
achieved, due to the additive manufacturing of biomaterials and bio-
printing that facilitate the creation of customized devices designed by
assisted design.*

Several techniques for image acquisition aimed toward their
application for personalized medicine have been described, such as

computerized tomography (CT) or magnetic resonance image (MRI),

Translational Impact Statement

Enteroatmospheric fistula is a complex pathology that has an extensive clinical variability, where
a gastrointestinal tract is contact with an open abdominal wound. Part of its treatment is based
on Negative Pressure Wound Therapy and the wound has to be isolated from the intestinal
debit. Thereby, it requires a personalized device that is designed with measurement taken by a
scan from the each patient wound. The relevance of this invention is that we could personalized
the treatment of each patient with a different device which reduce the weekly cures and the

and have proven to be accurate for this task. However, they present
some important drawbacks, such as the radiation exposure of the
patient, in the case of CT, or the time-consuming process that is image
acquisition by MRI. Therefore, the analysis of the continuously chang-
ing wound morphology and the replacement of the device for proper
wound isolation and treatment is not feasible with these image acqui-
sition techniques.® In our study, we present a white light scanner as
an accurate, fast, and less invasive technique for wound image acqui-
sition than the ones previously mentioned.

Techniques based on structured-light scanners and inverse engi-
neering allow the 3D reconstruction of the abdominal area and pro-
vide the necessary parameters for the personalization of the devices
for the fistula treatment, without the inconveniences presented by
other mentioned techniques.

To date, no work has been found in the available literature
describing the use of a white light scanner for image acquisition spe-
cifically targeted toward personalized medical devices. Despite their
use in medicine for measuring limb volumes,” they have not been
used yet to define the surface of a complex wound. Their application
on enteroatmospheric fistula treatment is especially relevant since
they allow a high level of personalization based on the patient's
anatomy.

We propose a standardized methodology for the personalization
of adapters obtained through additive manufacture for the treatment
of enteroatmospheric fistulas according to each patient's needs.

2 | RESULTS

2.1 | Surface reconstruction

The measurements of two patients were taken manually. The rest of
the patients were scanned at least once. Six patients were scanned
and virtually reconstructed for the design of the customized devices.
Two patients of the six were measured manually twice before taking
the measurement digitally and the rest of the scanned patients (four
of the six mentioned patients) required a re-scanning. 288,271.00
+ 96,765.24 points were captured, and 222,111.20 * 59,604.00 were
processed. Finally, the generated meshes had 703,991.80
+217,443.82 points and 1,408,222.40 +434,944.74 triangles.
Figure 1 shows the process from the scanning to the placement of the

devices. Manual measurement took 4.08 + 2.29 min, whereas digital
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FIGURE 1

measurement lasted 21.00 + 6.99 min, with significant differences
between both (p < 0.001).

2.2 | Device design

The design of the six devices with manual measurement took a mean
time of 33.33 + 26.96 min. The mean time value for the 10 designs
with virtual reconstruction was 37.00 + 17.67 min. There were no sig-
nificant differences in the device design time between manual mea-

surements and virtual reconstruction (p = 0.746).

2.3 | Additive manufacturing of the device

Table 1 shows the characteristic of each device. The mean height of
the devices was 1.48 + 0.36 cm, the width was 2.47 + 1.49 cm, and
the length was 3.37 + 2.29 cm. The upper protrusion has a mean size
of 0.82 +0.33 cm, while the lower protrusion was 0.57 £ 0.31 cm.
The time spent in the 3D printing, post-processing, and sterilization
were 124.50 min (56.75, 167.25) and 63.13 + 12.92 min, respectively.

24 | Treatment effectiveness

The personalization of these devices was feasible since it was possible
to generate an adapter for each patient (or more adapters in the case
of major evolutionary changes) in 230.50 min (184.00-304.75).

Fabrication devices process. (a). Scanning process. (b,c). Point cloud. (c) Point cloud. (d,e). Wound reconstruction. (f-h). Fistula
measurement process. (i) Fistula selection. (j) Fistula extrusion. (k) Sketches in different planes. (I-m) Device design. (n) Boolean subtraction.
(o) Device design. (p) Fabrication device. (q) Placement device with NPWT therapy. (r) Floating ostomy.

Regarding the applicability of the device, it was used in all eight
patients, fulfilling its function properly. The therapy was applied for
27.71 £ 13.74 days. The time of application of the therapy depended
on the evolution presented by the patients and on the need to apply
other concomitant therapies to solve this complex pathology. The
application of this device has reduced significantly the weekly number
of cures in the analyzed patients from 23.63 * 10.54 to 2.69 + 0.65
(p = 0.001).

The system was kept watertight for an average of 24 h with no
need for changes and cures, sometimes remaining 48-72 h with
no need for new cures. Thanks to the application of the device
associated with the NPWT system, the size of the wound was pro-
gressively reduced (Figure 2), since the presence of the adapted
device allows the concentration of the pressure on the wound
areas that require treatment, without affecting the surrounding sur-
face. Table 2 shows the wound measurements before and after
therapy. The average longitudinal measurement was reduced after
therapy from 14.00 +4.04 to 10.75+4.23 cm (p = 0.009), the
average transverse measurement from 13.63 +4.47 to 7.56
+ 3.06 cm (p = 0.001), and the average depth from 2.56 + 1.45 to
0.63 +0.74 cm (p = 0.011).

The pruritus doses before therapy were 5.50 (5.00-6.00) and the
visual analogic scale for pain (VAS) was 5.38 + 2.92. After the applica-
tion of the therapy, the pruritus dose was O and VAS was 0 (0-2.25).
Significant differences in pruritus (p = 0.017) and VAS (p = 0.018)
were demonstrated. Finally, survival at 3 months was 75.00%, and the
outcome was an ostomization in 75.00% of the patients, whereas

among the rest was the closure surgery (Table 2).
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FIGURE 2

3 | DISCUSSION

The use of additive manufacturing in medicine can be applied in
various fields, ranging from surgical planning in traumatology or
urology® 10 to the creation of orthoses or splints** or even to tis-
sue engineering and regenerative medicine.'? Personalized treat-
ment can be easily achieved due to additive manufacturing that
allows the creation of devices designed by assisted design.* Cur-
rently, our group has achieved this personalization in the fistula
treatment by using for the first time a bioscanner to define the
wound area on a patient's body.

As a result of the cases studied in this work, we can see the dif-
ferent clinical situations that can arise in the case of an enteroatmo-
spheric fistula and understand the need for the personalization of
devices for the treatment of this pathology. The first clinical results
of the application of this therapy have been widely described by
Duran Mufoz-Cruzado et al.*® from our working group, which corrob-
orates the efficacy and safety of the application of the device gener-
ated by the methodology presented in this work.

14-16 present images of enterocutaneous fistulas

Some papers
taken from CT. However, when combining CT slices to form a volu-
metric body, the resolution of the wound surface is lost. Another ben-
efit of the white light scanner is that the image-obtaining process is
harmless to the patients with a higher resolution, in opposition to the
CT technique, since no ionizing radiation is employed. Therefore, it
can be repeated as much as needed. Additionally, once the bioscanner
is bought, there are no additional costs of maintenance. These charac-
teristics make this technique potentially useful not only for the treat-
ment of enteroatmospheric fistulas but also for the design of other

medical devices for other pathologies.

Fistula after therapy. (a) Patient 2; (b) Patient 3; (c) Patient 4; (d) Patient 5; (e) Patient 6; (f) Patient 7; and (g) Patient 8.

Another important advantage of the scanner is the fact that
the image acquisition process can take place in the patient's room,
avoiding the typical discomfort associated with CT and MRI tech-
niques (claustrophobic feelings, acoustic noise ...). Moreover, the
efflux cannot be removed in situ from the wound when the images
are taken from CT or MRI, whereas it can be cleaned when the
patient is being scanned in his room. This is an advantage of the
white light scanner that allows us to capture more clearly the fistu-
lous orifices.

Not only one image is used to perform the measurements. As
indicated in the algorithm in Figure 3, depending on the clinical needs
assessed by the surgeon himself, a second and even a third scan of
the patient must be performed. These are the reasons why we chose
this low-cost technology that allows the acquisition of as many high-
resolution medical images as necessary with minimal impact on the
patient's comfort and safety.

Similar techniques and devices aim to perform the same function
as the device we have presented in this work. In 2002, Subramaniam
et al.¥” proposed the idea of isolating the abdominal wound and the
intestinal discharge from the fistulose surface. To carry out this isola-
tion, different conventional devices have been used, such as a bottle
nipple,® a plastic roll of tape, wrapping it with gauze and placing Duo-
derm® in the base,'? and other commercial devices such as the PPM
Fistula Adapter™.2%?! The methods described so far isolate the intes-
tinal content of the wound by creating a floating stroma over a NPWT
device that assists in wound granulation. However, none of these
devices consider the huge clinical variability in enteroatmospheric fis-
tulas. Current 3D printing techniques facilitate device customization
for clinical applications. Xu et al.?? described a 3D-printed intraluminal

stent that aims to restore intestinal continuity to reduce intestinal
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For the manufacture of the device, PC and polyamide
were used, one of the most widely used materials for 3D printing.
PCL is approved by the Food and Drug Administration (FDA) of the
United States.2* Previous studies have shown that this material stimu-
lates the migration of muscle cells and the growth and proliferation of
fibroblasts, chondrocytes, and mesenchymal stem cells, which leads us
to think about its good behavior in healing.2>?>2® Polyamide is a
medical-grade biomaterial that has been utilized in surgical guides and

29-31 reported good properties of this

instruments.2%2” Some studies
biomaterial, such as attachment, proliferation, and migration of chon-
drocytes. However, these biomaterials are not flexible and they may
cause discomfort to the patients and limit their movement.

Layton'® presented the use of a bottle nipple for isolating fistulas.
This technique allows greater patient mobility due to the flexibility of the
instruments. However, this device could not be applied in 75% of the
cases presented due to the extensive surface occupied by the fistula and
the large debit that was expelled. Our personalized device allows great
mobility to the patients, avoiding muscle mass loss and enabling them to
start early the motor rehabilitation usually needed in these cases.

Another of the problems encountered with these devices is that the
PCL material does not adhere correctly to the NPWT system adhesives.
To solve this, we lined the device with transparent polyurethane adhe-
sive dressings (Opsite®, Smith, and Nephew), thus achieving an adherent
surface on which to stick the NPWT system adhesives successfully.
However, the use of polyamide devices did not show this drawback and
allowed an optimal adhesion to the NPWT system.

The sterilization of the devices with hydrogen peroxide using
Sterrad 100nx (Johnson & Johnson, USA) posed a challenge due to
the device deformation caused by the temperatures and high pres-
sures. However, using Sterrad 100S (Johnson & Johnson, USA), the
devices maintained their shape. Our future research line could be
focused on the improvement of the sterilization process of the
devices. Another limitation of this methodology is the fact that a bios-
canner with white light technology is not available in many hospitals,

and therefore the externalization of this methodology is challenging.

4 | MATERIALS AND METHODS

4.1 | Actuation methodology design

Figure 3 shows the methodology established for the design and manu-
facture of the devices for enteroatmospheric fistulas treatment. The
steps followed consist of the scanning of the wound and the point cloud
generation, the 3D reconstruction of the wound and its measurement,
the device design and manufacture, and finally its use on the patient.

The process is described in detail in the following sections.

41.1 | Measurements taking and surface analysis

Two different approaches were compared: manual and digital mea-

surement. The manual measurements were taken using a clean

surgical ruler. For the digital measurements, a virtual reconstruction of
the wound was achieved by scanning the enteroatmospheric fistula
with the EinscanPro+ scanner (Shining 3D, China), which uses white
light technology with a resolution between 0.1 and 0.3 mm.

Before taking images, the scanner must be calibrated, and due to
the physiopathology of this medical condition, the patient must be
placed in a supine position to perform the wound cleaning and scan-
ning process with minimal movements. As a result of the scanning
process, a point cloud was generated. Clouds with less than 400,000
points require a re-scanning of the wound. To obtain a digital twin of
the fistula, surface reconstruction was performed using a meshing
procedure. High-definition meshes were obtained using as many poly-
gons as possible to achieve greater surface sharpness, but considering
that the higher the number of polygons and triangles, the higher the
computational cost and the processing time. At the end of this step,
we obtained a digital twin of the wound that will be used afterward to
design the final device. Once the surface is generated, it is exported
to STL format.

41.2 | Device design

The scanner emits a beam of light that bounces off the surface and is
picked up by the scanner's camera. Depending on the deformation of
the beam of light picked up by the camera, the distance to the point
on the surface where the light hit the surface is known, thus generat-
ing a point cloud and a virtual reconstruction of the wound and the
fistula. Note that the design of the adapter is based on the image
obtained from the surface of the wound. No internal images of the
wound are obtained using the scanner. The 3D volume obtained rep-
resents the surface of the patient's body, including opening wounds
such as those presented in patients with enteroatmospheric fistula.

The surface mesh obtained previously is used for the design of
the customized adapter, considering the dimensions of the abdominal
wound and the exposed intestinal surface of each patient, with the
software FreeCAD 0.16® (FreeCAD®© Juergen Riegel, Werner Mayer,
Yorik van Havre). The dimensions were measured by the STL file, such
as the height of the fistulous orifices, and these measurements gave
us the dimension of the device. With the software Meshmixer, the fis-
tulous surface was selected, measured, and extruded.

The design of the adapter (Supplementary video S1) is performed
considering the extruded fistula surface as follows.

Our adapter (Figure 4) consisted of a model with a hollow interior
and similar to a ring, to allow the exit of the extruded intestinal sur-
face through the hole, which was unique for each case, having the
same geometry and dimensions as the intestinal surface area of each
fistula. Once the measurements were taken, a device was created
with a base of the same geometry as the intestinal wound and
between 1 and 2 cm in height, depending on the depth of each
wound, that is, depending on the height of the adipose tissue and the
height of the fistulous endings. To do this, three sketches were cre-
ated in different planes (Figure 4a), one at O, one at the maximum
height of the device, and the other one between 15% and 25% of the
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FIGURE 4 Device design. (a). Sketches in different planes. (b).
Projection of three sketches. (c). Final design.

height of the device. This distance depended on the height of
the device; the lower the height, the greater the distance. The lower
and upper planes had a radio of 0.5 cm and up to 2 cm more than the
fistula surface, respectively. The lower surface is smaller to have a
larger area of the wound in contact with the NPWT system and maxi-
mize the granulation of the wound. The upper one has the function of
holding the polyurethane film that serves as support and helps to
obtain the vacuum for the sponge of the NPWT system that is used
with the device for the management of the wound. This surface varied

with the distance between the fistula and the adipose wall, being

smaller in cases where the fistula was closer to the adipose tissue. In
some cases, the center of the upper sketch was even moved with
respect to the center of the lower sketch. In this way, the intestinal
discharge is to be conducted and the sponge could be placed between
the device and the adipose tissue. The middle sketch is designed to
ensure the fit with the fistulous surface and the NPWT system. Then,
from the three 2D sketches, a projection was performed to generate
the 3D prism (Figure 4b).

Finally, to create the hollow volume, the design was placed so that
the extrusion of the fistula was in the center of the design in Mesh-
mixer. A Boolean operation was performed, where the extrusion of the
intestinal surface is subtracted from the created prism. The protrusion
was defined as the difference between the outer and inner perimeter
of the device in the upper and lower plane (Figure 4c). To check the
assembly of the device with the fistula, the device design was placed
over the wound scan. Given the inventive characteristics of this innova-
tion, this device and its manufacture have been protected as a patent
and utility model by the Spanish Patent and Trademark Office.

41.3 | Additive manufacturing

®” soft-

The designs were exported in STL files. “Regemat 3D designer
ware created the .gcode files from the STL files. Finally, the .gcode
files were sent to a 3D printer (Regemat 3D®, Granada, Spain) to man-
ufacture the devices. In our first attempts, polycaprolactone (PCL,;
99 filament 750 g 1.75 mm, 3D4makers, Haarlem, The Netherlands)
was used to print the device. The fill pattern was solid and a layer
height of 0.35 mm was used. The printhead speed was 20 mm/s for
the fill and 10 mm/s for the perimeter. The print flow was 1.8 mm/s
at a temperature of 80°C. To improve our production process, we
have included polyamide (PA2200, Moldkar, Spain), which improves
de adherence to NPWT bandages, reducing the time for wound cures.
Two devices of each design were manufactured and duly sterilized for
each refill of the therapy performed on the patients.

414 | Post-processing

After the manufacturing process, the obtained geometries present
defects that must be manually eliminated in a post-processing step to
obtain a final device with the maximal adjustment. To do that, the
printed devices were polished to remove any burrs left over from
the manufacturing process.

4.1.5 | Sterilization of the manufactured devices

For their clinical application, it was necessary to sterilize or highly dis-
infect the devices. We tested the sterilization of the device with
hydrogen peroxide at low temperatures using Sterrad 100S
(Johnson & Johnson, USA) and Sterrad 100nx (Johnson & Johnson,
USA). The first one was replaced at Virgen del Rocio Hospital, while
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the second one produced deformities. Therefore, instead of hydrogen
peroxide, a high disinfection method was used by immersion for
15 minutes in Korsolex PAA from “BODE Chemie GmbH” (Hartmann
Group, Hamburg-Germany), a peracetic acid-based disinfectant, indi-
cated for surgical instruments (including thermoplastics). Then, the
devices were washed with physiological saline to remove the residues
of the disinfectant.

41.6 | Use of the device together with the NPWT

For the clinical application of the device along with the NPWT ther-
apy, a sponge was molded to the shape of each patient's abdominal
wound. We made an opening into the sponge of the NPWT system
according to the size of the device, and in this gap, which was also
located right above the intestinal surface, the device was placed.
This way, we achieved a proper location of the intestinal surface
inside de manufactured adapter, while the rest of the abdominal
wound was covered by the sponge, and greater sealing of the
wound was accomplished with an adhesive film. When the NPWT
was connected at a pressure of 125 mmHg, a successful and con-
centrated granulation of the wound was achieved through the ori-
fice of the device, below which we found the surface that needed
exposition to the therapy, with minimal intervention on healthy

tissue.

417 | Remodeling

When a cure was performed and some changes were appreciated in
the wound as a result of the natural evolution of the disease, another
scan was taken to check for any variation. When any considerable
variation was perceived, the device was manufactured with the last

measurements taken.

42 | Outcomes

The main objective of this work is the design a methodology to per-
sonalize and manufacture a device for enteroatmospheric fistula
treatment that adapts to the dimensions and morphology of each
patient.

In addition to this, we aim to compare the time that manual and
digital measurements require along the process, as well as the assess-
ment of the efficacy of the personalized device in the treatment of
enteroatmospheric fistula using NPWT via wound size, cures, pruritus,
Visual Analogic Scale for pain (VAS) before and after therapy as well
as the final result of each patient and survival.

4.3 | Description of the cases

From June 2017 to September 2022, all patients at our center over
18 years old diagnosed with enteroatmospheric fistula were prospec-
tively preselected for the study. Exclusion criteria included: shapes or
dimensions of the wound that did not allow customization of the
device (e.g., a fistula very close to the edge of the wound), clinical con-
ditions of the patient that prevented placement of the device (hemo-
dynamic instability or need for urgent surgery), and not signing the
informed consent. This study has been approved by the ethics com-
mittee (Research Ethics Committee of Seville). All experiments were
performed in accordance with relevant named guidelines and regula-
tions. Informed consent was obtained from all participants and/or
their legal guardians, even to publish the information and images in an
online open-access publication. In this period, nine patients were
shortlisted. Of these, eight were included in the study; one patient
was excluded because she did not sign the informed consent. Table 2
presents the characteristics and evolutionary changes of the wounds.
The parameters required to generate the device are: the initial dimen-

sions of the abdominal wound where the fistula is located, the size

FIGURE 5

Fistula surface on the patient's abdominal wound. Patient at the beginning of the therapy (a) Patient 1; (b) Patient 2; (c) Patient 3;
(d) Patient 4; (e) Patient 5; (f) Patient 6; (g) Patient 7; and (h) Patient 8.
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and morphology of the fistulose surface, the disposition of the fistu-
lose surface in relation to the rest of the wound, and the number of
fistulose holes. Figure 5 shows a real image of a patient with a dia-

gram of the fistulous surface dimensions.

4.4 | Statistical analysis

Quantitative variables, depending on whether they followed or not a
symmetrical distribution, were expressed as mean and standard deviation
(M £ SD), or as median and interquartile range (P50 [P25-75]), respec-
tively. The normal distribution of the sample was determined using the
Shapiro-Wilks test if n < 50. For quantitative variables that followed a
normal distribution, T-Student's test was used, while for those quantita-
tive variables that did not present a normal distribution, the Mann-
Whitney U test was applied. The required significance was p < 0.05. For
all statistical analyses, IBM® SPSS® Statistics 19 package was used.

5 | CONCLUSIONS

In this work, we present a workflow for the design and manufacture
of customized devices for enteroatmospheric fistula treatment
coupled with NPWT therapy. The method proposed combines white
light scanning, CAD design, and additive manufacturing, and provides

the required devices in time with promising results.

AUTHOR CONTRIBUTIONS

Francisco José Calero Castro: Conceptualization (equal); data cura-
tion (equal); formal analysis (equal); investigation (equal); methodol-
ogy (equal); validation (equal); writing - original draft (equal).
Andrés Padillo Eguia: Conceptualization (equal); methodology
(equal); writing - review and editing (equal). Virginia Duran Mufioz-
Cruzado: Conceptualization (equal); data curation (equal); investiga-
tion (equal); supervision (equal); visualization (equal);
writing - review and editing (equal). Luis Tallén Aguilar: Formal
analysis (equal); investigation (equal). José Tinoco Gonzalez: Formal
analysis (equal); investigation (equal). Iman Laga: Writing - original
draft (equal). Fernando de la Portilla de Juan: Funding acquisition
(equal); resources (equal). Felipe Pareja Ciuro: Investigation (equal);
supervision (equal); validation (equal); visualization (equal);
writing - review and editing (equal). Javier Padillo Ruiz: Conceptual-
ization (equal); funding acquisition (equal); resources (equal); super-
vision (equal); visualization (equal); writing - review and editing

(equal).

ACKNOWLEDGMENTS
We would like to thank the personnel involved in the difficult care of
these patients.

FUNDING INFORMATION
The contract of Francisco José Calero Castro was funded by Carlos IlI
Health Institute (Health Research Fund) grant number P119/01821.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

PEER REVIEW

The peer review history for this article is available at https://www.
webofscience.com/api/gateway/wos/peer-review/10.1002/btm2.
10583.

DATA AVAILABILITY STATEMENT

Data available on request from the authors.

ORCID

Francisco José Calero Castro "2 https://orcid.org/0000-0002-6039-
3091

Virginia Durdn Munoz-Cruzado 2 https://orcid.org/0000-0003-4499-
0483

Felipe Pareja Ciur6 "> https://orcid.org/0000-0001-9192-3465

REFERENCES

1. Bobkiewicz A, Walczak D, Smolinski S, et al. Management of enter-
oatmospheric fistula with negative pressure wound therapy in open
abdomen treatment: a multicentre observational study. Int Wound J.
2017;14(1):255-264. doi:10.1111/iwj.12597

2. Di Saverio S, Tarasconi A, Walczak DA, et al. Classification, preven-
tion and management of entero-atmospheric fistula: a state-of-the-
art review. Langenbecks Arch Surg. 2016;401(1):1-13. doi:10.1007/
s00423-015-1370-3

3. Timmons J, Russell F. The use of negative-pressure wound therapy to
manage enteroatmospheric fistulae in two patients with large abdom-
inal wounds. Int Wound J. 2014;11(6):723-729. doi:10.1111/iw;j.
12038

4. Dias AD, Kingsley DM, Corr DT. Recent advances in bioprinting and
applications for biosensing. Biosensors. 2014;4(2):111-136. doi:10.
3390/bios4020111

5. Yan Q, Dong H, Su J, et al. A review of 3D printing technology for
medical applications. Engineering. 2018;4(5):729-742. doi:10.1016/j.
eng.2018.07.021

6. LiL, YuF,Shil, et al. In situ repair of bone and cartilage defects using
3D scanning and 3D printing. Sci Rep. 2017;7(1):9416. doi:10.1038/
s41598-017-10060-3

7. Kofman R, Beekman AM, Emmelot CH, Geertzen JHB, Dijkstra PU.
Measurement properties and usability of non-contact scanners for
measuring transtibial residual limb volume. Prosthet Orthot Int. 2017;
42(3):280-287. doi:10.1177/0309364617736088

8. Lal H, Patralekh MK. 3D printing and its applications in orthopaedic
trauma: a technological marvel. J Clin Orthop Trauma. 2018;9(3):260-
268. doi:10.1016/j.jcot.2018.07.022

9. Jones GG, Jaere M, Clarke S, Cobb J. 3D printing and high tibial
osteotomy. EFORT Open Rev. 2018;3(5):254-259. doi:10.1302/2058-
5241.3.170075

10. Bernhard J-C, Isotani S, Matsugasumi T, et al. Personalized 3D printed
model of kidney and tumor anatomy: a useful tool for patient educa-
tion. World J Urol. 2016;34(3):337-345. doi:10.1007/s00345-015-
1632-2

11. Li J, Tanaka H. Rapid customization system for 3D-printed
splint using programmable modeling technique—a practical
approach. 3D Print Med. 2018;4(1):1-21. doi:10.1186/s41205-
018-0027-6

12. Ong CS, Yesantharao P, Huang CY, et al. 3D bioprinting using stem
cells. Pediatr Res. 2018;83(1-2):223-231. doi:10.1038/pr.2017.252

5101 SUOLLLLIOD) BAIEBID 2(qedl|dde 8L Aq peusanob ale SSPIE YO '8N J0 Sa NI 0y AReIq1T BUIIUO AB]IM UO (SUONIPUOD-PUR-SLLLIBI W00 A3 | I AZeiq1jeu1|u0//Sdy) SUORIPUOD PUB SULB 1 81295 *[£202/TT/80] Uo ARIqIT IO AB1IM |1118S 80 PepsIeAIN A £8G0T ZWIT/Z00T OT/I0P/LIOD" A8 W ARe.q1 RUIIUO 'SR Re//'SANL LU0 PAPROIUMOQ ‘0 ‘T9.I08EZ


https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/btm2.10583
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/btm2.10583
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/btm2.10583
https://orcid.org/0000-0002-6039-3091
https://orcid.org/0000-0002-6039-3091
https://orcid.org/0000-0002-6039-3091
https://orcid.org/0000-0003-4499-0483
https://orcid.org/0000-0003-4499-0483
https://orcid.org/0000-0003-4499-0483
https://orcid.org/0000-0001-9192-3465
https://orcid.org/0000-0001-9192-3465
info:doi/10.1111/iwj.12597
info:doi/10.1007/s00423-015-1370-3
info:doi/10.1007/s00423-015-1370-3
info:doi/10.1111/iwj.12038
info:doi/10.1111/iwj.12038
info:doi/10.3390/bios4020111
info:doi/10.3390/bios4020111
info:doi/10.1016/j.eng.2018.07.021
info:doi/10.1016/j.eng.2018.07.021
info:doi/10.1038/s41598-017-10060-3
info:doi/10.1038/s41598-017-10060-3
info:doi/10.1177/0309364617736088
info:doi/10.1016/j.jcot.2018.07.022
info:doi/10.1302/2058-5241.3.170075
info:doi/10.1302/2058-5241.3.170075
info:doi/10.1007/s00345-015-1632-2
info:doi/10.1007/s00345-015-1632-2
info:doi/10.1186/s41205-018-0027-6
info:doi/10.1186/s41205-018-0027-6
info:doi/10.1038/pr.2017.252

BIOENGINEERING &
120f12 | Qo ATONAL MEDICINE

13.

14.
15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

CALERO CASTRO ET AL.

Durdn Mufoz-Cruzado V, Calero Castro FJ, Padillo Eguia A, et al.
Using a bio-scanner and 3D printing to create an innovative custom
made approach for the management of complex entero-atmospheric
fistulas. Sci Rep. 2020;10(1):19862. doi:10.1038/s41598-020-
74213-7

O'Malley RB, Revels JW. Imaging of abdominal postoperative compli-
cations. Radiol Clin North Am. 2020;58(1):73-91. doi:10.1016/j.rcl.
2019.08.007

Lee JK, Stein SL. Radiographic and endoscopic diagnosis and treat-
ment of enterocutaneous fistulas. Clin Colon Rectal Surg. 2010;23(3):
149-160. doi:10.1055/5-0030-1262982

Turégano F, Garcia-Marin A. Anatomy-based surgical strategy of gas-
trointestinal fistula treatment. Eur J Trauma Emerg Surg. 2011;37(3):
233-239. doi:10.1007/s00068-011-0103-8

Subramaniam MH, Liscum KR, Hirshberg A. The floating stoma: a
new technique for controlling exposed fistulae in abdominal trauma.
J Trauma. 2002;53(2):386-388. doi:10.1097/00005373-200208000-
00037

Layton B, DuBose J, Nichols S, Connaughton J, Jones T, Pratt J. Paci-
fying the open abdomen with concomitant intestinal fistula: a novel
approach. Am J Surg. 2010;199(4).e48-e50. doi:10.1016/j.amjsurg.
2009.06.028

Verhaalen A, Watkins B, Brasel K. Techniques and cost effectiveness
of enteroatmospheric fistula isolation. Wounds. 2010;22(8):212-217.
Jannasch O, Lippert H, Tautenhahn J. A novel device for treating
enteroatmospheric fistulae in the open abdomen. Zentralbl Chir.
2011;136:585-589. doi:10.1055/5-0031-1271428

Wirth U, Renz BW, Andrade D, et al. Successful treatment of enter-
oatmospheric fistulas in combination with negative pressure wound
therapy: experience on 3 cases and literature review. Int Wound J.
2018;15(5):722-730. doi:10.1111/iwj.12916

Xu Z-Y, Ren H-J, Huang J-J, Li Z-A, Ren J-A. Application of a 3D-
printed “fistula stent” in plugging enteroatmospheric fistula with
open abdomen: a case report. World J Gastroenterol. 2019;25(14):
1775-1782. doi:10.3748/wijg.v25.i114.1775

Rampichova M, Chvojka J, Buzgo M, et al. Elastic three-dimensional
poly (e-caprolactone) nanofibre scaffold enhances migration, prolifer-
ation and osteogenic differentiation of mesenchymal stem cells. Cell
Prolif. 2013;46(1):23-37. doi:10.1111/cpr.12001

Ballard DH, Weisman JA, Jammalamadaka U, Tappa K, Alexander JS,
Griffen FD. Three-dimensional printing of bioactive hernia meshes:
in vitro proof of principle. Surgery. 2017;161(6):1479-1481. doi:10.
1016/j.surg.2016.08.033

25.

26.

27.

28.

29.

30.

31

Calero Castro FJ, Yuste Herranz Y, Pereira S, et al. Proof of concept,
design and manufacture via 3D printing of a mesh with bactericidal
capacity: behaviour in vitro and in vivo. J Tissue Eng Regen Med. 2019;
13:1955-1964. doi:10.1002/term.2944

Kumar P, Vatsya P, Rajnish RK, Hooda A, Dhillon MS. Application of
3D printing in hip and knee arthroplasty: a narrative review. Indian J
Orthop. 2021;55(Suppl 1):14-26. doi:10.1007/s43465-020-00263-8
Rosseels W, Herteleer M, Sermon A, Nijs S, Hoekstra H. Corrective
osteotomies using patient-specific 3D-printed guides: a critical
appraisal. Eur J Trauma Emerg Surg. 2019;45(2):299-307. doi:10.
1007/s00068-018-0903-1

Plencner M, Proseckd E, Rampichovd M, Buzgo M. Significant
improvement of biocompatibility of polypropylene mesh for incisional
hernia repair by using poly-E-caprolactone nanofibers functionalized
with thrombocyte-rich solution. Int J Nanomedicine. 2015;2015(10):
2635-2646. doi:10.2147/1JN.S77816

Risbud MV, Bhonde RR. Polyamide 6 composite membranes: proper-
ties and in vitro biocompatibility evaluation. J Biomater Sci Polym Ed.
2001;12(1):125-136. doi:10.1163/156856201744498

Shah Hosseini N, Bolgen N, Khenoussi N, et al. Novel 3D electrospun
polyamide scaffolds prepared by 3D printed collectors and their inter-
action with chondrocytes. Int J Polym Mater Polym Biomater. 2018;
67(3):143-150. doi:10.1080/00914037.2017.1309541

Wang H, Li Y, Zuo Y, Li J, Ma S, Cheng L. Biocompatibility and osteo-
genesis of biomimetic nano-hydroxyapatite/polyamide composite
scaffolds for bone tissue engineering. Biomaterials. 2007;28(22):
3338-3348. doi:10.1016/j.biomaterials.2007.04.014

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Calero Castro FJ, Padillo Eguia A,
Duran Munoz-Cruzado V, et al. Personalized additive
manufacturing of devices for the management of
enteroatmospheric fistulas. Bioeng Transl Med. 2023;e10583.
doi:10.1002/btm2.10583

5101 SUOLLLLIOD) BAIEBID 2(qedl|dde 8L Aq peusanob ale SSPIE YO '8N J0 Sa NI 0y AReIq1T BUIIUO AB]IM UO (SUONIPUOD-PUR-SLLLIBI W00 A3 | I AZeiq1jeu1|u0//Sdy) SUORIPUOD PUB SULB 1 81295 *[£202/TT/80] Uo ARIqIT IO AB1IM |1118S 80 PepsIeAIN A £8G0T ZWIT/Z00T OT/I0P/LIOD" A8 W ARe.q1 RUIIUO 'SR Re//'SANL LU0 PAPROIUMOQ ‘0 ‘T9.I08EZ


info:doi/10.1038/s41598-020-74213-7
info:doi/10.1038/s41598-020-74213-7
info:doi/10.1016/j.rcl.2019.08.007
info:doi/10.1016/j.rcl.2019.08.007
info:doi/10.1055/s-0030-1262982
info:doi/10.1007/s00068-011-0103-8
info:doi/10.1097/00005373-200208000-00037
info:doi/10.1097/00005373-200208000-00037
info:doi/10.1016/j.amjsurg.2009.06.028
info:doi/10.1016/j.amjsurg.2009.06.028
info:doi/10.1055/s-0031-1271428
info:doi/10.1111/iwj.12916
info:doi/10.3748/wjg.v25.i14.1775
info:doi/10.1111/cpr.12001
info:doi/10.1016/j.surg.2016.08.033
info:doi/10.1016/j.surg.2016.08.033
info:doi/10.1002/term.2944
info:doi/10.1007/s43465-020-00263-8
info:doi/10.1007/s00068-018-0903-1
info:doi/10.1007/s00068-018-0903-1
info:doi/10.2147/IJN.S77816
info:doi/10.1163/156856201744498
info:doi/10.1080/00914037.2017.1309541
info:doi/10.1016/j.biomaterials.2007.04.014
info:doi/10.1002/btm2.10583

	Personalized additive manufacturing of devices for the management of enteroatmospheric fistulas
	1  INTRODUCTION
	2  RESULTS
	2.1  Surface reconstruction
	2.2  Device design
	2.3  Additive manufacturing of the device
	2.4  Treatment effectiveness

	3  DISCUSSION
	4  MATERIALS AND METHODS
	4.1  Actuation methodology design
	4.1.1  Measurements taking and surface analysis
	4.1.2  Device design
	4.1.3  Additive manufacturing
	4.1.4  Post-processing
	4.1.5  Sterilization of the manufactured devices
	4.1.6  Use of the device together with the NPWT
	4.1.7  Remodeling

	4.2  Outcomes
	4.3  Description of the cases
	4.4  Statistical analysis

	5  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


