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Abstract

Background Acute otitis media (AOM) causes inflammation and hearing loss. Ventilation tubes are key in treatment.
3D printing improves prostheses in otorhinolaryngology, offering precision and greater adaptability.

Materials and methods An experimental study was conducted with Wistar rats from July to December 2020. 3D
tympanostomy tube models were designed, with technical specifications and tests performed on inexpensive 3D
printers. The tympanostomy tube was inserted endoscopically.

Results Procedures were performed on five rats with implants in both ears. Pre-intervention pathologies, such
as atical retraction and glue ear, were found. The PLA-printed tympanostomy tube showed improvement after
adjustments. Histopathological results revealed significant middle and inner ear damage.

Conclusion In our study, the design and 3D printing of implants fulfilled the desired functions when modified, with
a height of 5 mm. Complications included PLA degradation and ear damage. There were no adverse events during
observation, highlighting the need for further research on 3D-printed implants.

Keywords Implants, 3D printing, Ventilation tubes, Acute otitis media

*Correspondence:

Clotilde Fuentes-Orozco

clotilde fuentes@gmail.com

'Departamento de Fisiologfa, Centro Universitario de Ciencias de la Salud,
Universidad de Guadalajara, Guadalajara, Jalisco, Mexico

%Servicio de Otorrinolaringologfa, Instituto Mexicano del Sequro Social
(IMSS), Hospital General Regional no. 46. Av. Lézaro Cardenas No. 2063,
Guadalajara, Jalisco, Mexico

*Unidad de Investigacion Biomédica 02, Hospital de Especialidades,
Centro Médico Nacional de Occidente, Guadalajara, Jalisco, Mexico
“Departamento de Bienestar y Desarrollo Sustentable, Centro
Universitario del Norte, Universidad de Guadalajara, Carretera Federal No.
23,Km. 191, Colotlan C.P. 46200, Jalisco, Mexico

Departamento de Medicina Interna, Centro Universitario de Ciencias de
la Salud, Hospital Civil de Guadalajara Fray Antonio Alcalde, Universidad
de Guadalajara, Guadalajara, Jalisco, Mexico

% Departamento de Otorrinolaringologia y Cirugia de Cabeza y Cuello,
Hospital de Especialidades, Centro Médico Nacional de Occidente,
Guadalajara, México

M BMC

Background

Acute otitis media (AOM) is a disease characterized by
the presence of fluid in the middle ear, accompanied by
the sudden appearance of signs and symptoms of inflam-
mation in this area. The presence of fluid in the middle
ear can cause significant discomfort and affect hearing,
resulting in a hearing loss of 25 to 30 dB [1, 2].

Treatment for acute otitis media includes pain man-
agement, observation, or antibiotics. Tympanostomy
tubes are considered for children experiencing three or
more episodes within six months or four episodes within
a year, with at least one episode in the preceding six
months [3]. The placement of the tubes, a key treatment
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for otitis media, addresses hearing impairment and dam-
age to the tympanic membrane and is the intervention of
choice [4].

Three materials—fluoroplastic, silicone elastomer, and
metal—are utilized alongside two fundamental designs,
short-term and long-term, in the majority of tympanos-
tomy tubes. [5].

In 1986, 3D printing debuted as additive manufactur-
ing, revolutionizing production with rapid prototyping
and innovative three-dimensional technology [6]. 3D
model printing allows a system to create 3D objects with
information from digital databases [7]. These printed
models can mimic all the shapes needed in real patient
anatomies, helping to improve patient care and surgical
outcomes [8].

3D printing in medicine has mainly focused on non-
biological static structures, such as structural or space-
filling prostheses [9].

In terms of otorhinolaryngology, the use of prosthesis
or implants is frequent; of these, tympanostomy tubes
are the most commonly used, and with greater innova-
tion. These have been updated with a retractable blade as
a safety element, as well as the incorporation of a “back-
stop” proximal to the tip of the device to minimize the
risk of unintentional over-insertion; during their inno-
vation, 3D printed prototype devices were obtained for
greater accessibility [10, 11].

Among the advantages this technology offers is the
opportunity to create 3D-printed medical devices in
small sizes to suit the wide range of needs of the pedi-
atric population. Additionally, the greater precision of
3D-printed surgical guides has been proven to reduce
complications and intervention time [12, 13].

Study hypothesis
Polylactic acid (PLA) is a biocompatible and biodegrad-
able polymer that has been used in subdermal implants
for prolonged drug release. Similarly, it has been used
in the field of surgery through plates and screws that
degrade over time, thus avoiding re-interventions for
material removal.

Our objective was to assess the auditory effects and
safety of using tympanostomy tubes printed in polylactic
acid and placed in the tympanic membrane.

Materials and methods

An experimental study was carried out from July 2020 to
December 2020 using Wistar strain rats from the Labora-
tory of Breeding and Reproduction of Animals for Exper-
imentation at the University Center of Health Sciences
(biotherium).
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Population

Apparently, healthy Wistar strain rats were included. Rats
with tympanic perforations before tympanostomy tube
placement and those with external or middle ear malfor-
mations were excluded.

Phases

It was divided into two phases; in the first phase, ventila-
tion tube models were designed for 3D printing. In the
second phase, an experimental study was carried out
with animals from the laboratory of breeding and repro-
duction of animals for experimentation.

The digital design of the tympanostomy tube was made
taking into account the following characteristics: internal
diameter 1.1 mm, external diameter 2.2 mm, and length
1.8 mm. At its upper end the tube has a 0.4 mm flange
that protrudes from the cylinder, at the lower end the
flange protrudes from the cylinder by 0.2 mm. In this
way, its design will be similar to the Shepherd tubes. The
tube was packed in surgical paper and sent to steam ster-
ilization according to the conventional technique.

Implant

Solid Works 2018 software was used to design the 3D
part, and for the transfer to the printer, Ultimaker Cura
4.1 and Cura 14.01 software were used to generate the
G-codes. Tests were performed with both software.

The models were printed on material extrusion model
printers of the ANET A8, Ender 3, and TARANTULA
I3 models, which are homemade 3D printers of the
economic range. A resolution quality of 0.05 mm was
used for 100% density. The printed model was not very
stable and with low stiffness, making it easily collaps-
ible. New tests were carried out with the 0.2 mm and
0.4 mm extruder tip, with which a stable and firm model
was achieved, with adequate stiffness when growing it at
278%, leaving it with a height of 5 mm (Fig. 1).

Surgical procedure

The specimens were identified employing an adhesive
bracelet with the numbers 1,2,3,4 and 5. Before anes-
thesia, the rats were weighed to calculate the anesthetic
dose. Anesthesia and analgesia with ketamine 70 mg/kg
b.w. and xylazine 15 mg/k b.w. infiltrated intraperitone-
ally. EOA was performed with the TITAN equipment of
interacoustic using the DPOAES440 6 Hz module (500-
8k Hz maximum 30 Db). It was considered positive when
there was a replica at the scanned frequency (check mark)
and negative when no replica was obtained (cross mark).
Endoscopic exploration of the tympanic membrane with
Storz 1.7 mm endoscopic lens. The PLA tympanostomy
tube was inserted under endoscopic vision after myrin-
gotomy in the posteroinferior quadrant, leaving a por-
tion protruding into the external auditory canal. Since it
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Fig.2 (A) Endoscopic view of the normal anatomy of the tympanic membrane previous to the procedure. Malleus is identified by an asterisk. (B) Tympa-
nostomy tube placed in biological model, the tympanic membrane is seen in-depth. Malleus is identified by an asterisk

was only possible to insert PLA tympanostomy tubes in 5
ears out of the 10 possible ears, we divided the ears into
two groups: (1) With PLA insertion and (2) Without PLA
insertion. Three months later, after anesthesia and anal-
gesia with ketamine 70 mg/kg body weight and xylazine
15 mg/kg body weight infiltrated intraperitoneally, endo-
scopic exploration of the ears was performed to verify
the permanence of the PLA tympanostomy tube or its
absorption. EOA is taken again with the TITAN equip-
ment of interacoustic using the DPOAES440 6 Hz mod-
ule (500-8k Hz maximum 30 Db). Subsequently, a lethal
dose of sodium pentobarbital (90-120 mg/kg) is adminis-
tered by intraperitoneal injection to each mouse for sac-
rifice of the experimental specimens.

Statistical analysis

A database was used with the use of Excel Software and
Statistical Package for Social Sciences (SPSS), version 20
for Windows, a database was created and processed. The
results were presented with descriptive statistics analysis.

Statistical inference tests were performed to contrast the
specific objectives through Fisher’s Chi-Square or Exact
Chi-Square test and Student’s T-test.

Ethical considerations

All procedures were carried out following the insti-
tutional guidelines of the laboratory for breeding and
reproduction of animals for experimentation at the
Centro Universitario de Ciencias de la Salud of the Uni-
versity of Guadalajara, which are in accordance with
those approved by the Federal Law of Animal Health,
NOM-062-ZO0-1999, and NOM-033-ZO0O-1995.

Results

Five rats were included, all females, where implants were
placed in both right and left ears for a total of 5 ears, in
the rest the procedure could not be performed because
an adhesive tympanic membrane was found during the
exploration, this group was taken as control (Fig. 2).
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Fig. 3 Adhesive tympanic membrane in the left ear of specimen #3,
important retraction skeletonizing malleus manubrium identified by an
asterisk

Table 1 Pre and postoperative otoacoustic emissions
Study specimen Pre-operative  Post-operative

Number Ear Group PLA Otoacoustic Otoacoustic
insertion emissions emissions

1 R 1 Yes Present Absent

1 L 1 Yes Present Absent

2 R 1 Yes Present Absent

2 L1 Yes Present Absent

3 R 1 Yes Present Absent

3 L 2 No Absent Absent

4 R 2 No Absent Absent

4 L 2 No Absent Absent

5 R 2 No Absent Absent

5 L 2 No Absent Absent
R:right; L: left

Of the five in which the intervention was achieved, two
ears were found with normal tympanic membrane and
three ears with atical retraction, corresponding to speci-
mens #2 bilateral, #1 bilateral, and #3 right ear (Fig. 3).

General characteristics of experimental ears
A prevalence of pre-intervention middle ear pathology
was found in 80% of the specimens. Of these, 30% were
of the attic retraction type, and 50% were of the adhesive
otitis type. The remaining 20% were clinically unaltered.
Preintervention DPOAESs (otoacoustic emission distor-
tion products) were performed. They were found to be
present in 100% of Group 1 and 0% of Group 2. (Table 1).
Ears with absent emissions corresponded to ears with
adhesive tympanic membranes. At post-intervention
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Fig. 4 Endoscopic view. The black arrow shows the residual PLA in the
middle ear seen throw the translucent tympanic membrane at a 3-month
evaluation

assessment, otoacoustic emissions were absent in all the
ears examined (100%).

Tympanostomy tube biodegradation time, tympanic
membrane repair, and associated complications: At the
first evaluation, at 3 months, remnants of PLA were
observed in one ear, in the rest there was no evidence
of PLA with completely repaired tympanic membrane
(Fig. 4). During the observation period, there were no
adverse events such as otorrhea, otorrhagia, granulomas,
or other lesions, and all specimens survived (Table 2).

Histopathological results

Middle Ear: We observed minimal to mild damage to the
epithelial layer of the tympanic membrane and inflam-
matory damage in the middle ear in 80% of Group 1,
whereas none of the ears in Group 2 had damage.

Inner ear: 100% of the specimens of Group 1 presented
damage in the inner ear, ranging from minimal to mod-
erate, including epithelial damage of the organ of Corti;
lesion of the lamina propria and/or the bony labyrinth;
edema, hemorrhage, inflammation, and fibrosis. When
comparing Group 1 ears against Group 2 ears we found
the difference in findings to be statistically significant
with a p=0.002 (Fig. 5).

Discussion

3D models are now being used as implants, opening up
new options that are more patient-specific and cost-
effective. This opens up a huge range of possibilities for
3D technology in the medical field [14, 15]. Although in
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Table 2 Evaluation of the tympanic membrane, tube biodegradation, and complications
Study specimen Pre-operative Post-operative
Number Ear Group PLA insertion Tympanic membrane Tube degradation Tympanicmem- Tym-
at 3 months brane repair panic
mem-
brane
1 R 1 Yes Retraction Yes Complete Adhesive
1 L 1 Yes Retraction Yes Complete Adhesive
2 R 1 Yes Normal Yes Complete Normal
2 L 1 Yes Normal Yes Complete Adhesive
3 R 1 Yes Retraction Yes Complete Adhesive
3 L 2 No Adhesive N/A N/A Adhesive
4 R 2 No Adhesive N/A N/A Adhesive
4 L 2 No Adhesive N/A N/A Adhesive
5 R 2 No Adhesive N/A N/A Adhesive
5 L 2 No Adhesive N/A N/A Adhesive
R: right; L: left; N/A: not applicable

Fig. 5 (A) Right Ear 2. Organ of Corti. There is an extensive focal area of epithelial damage in the inner ear, and an intense subepithelial inflammatory
response affecting the bone. It is composed of a large number of degenerated neutrophils, lymphocytes, and a few macrophages, with edema, fibrosis,
debris, and fibrin. (B) Left Ear 2. Organ of Corti. There is an extensive focal area of epithelial erosion in the inner ear, primarily affecting the endosteum.
There is a zone of necrosis with abundant degenerated neutrophils, a smaller number of macrophages with foamy cytoplasm, abundant debris, fibrin,

and moderate fibrosis

Otolaryngology, there is a tendency to experiment with
printing biological materials, in our study, we decided to
experiment with the design and 3D printing of implants
that can be easily manufactured at a lower cost. We used
biocompatible materials that are easily accessible, with
the aim that these same designs can, in the future, be
shared by the medical community. We agree with McMil-
lan et al. that although the literature reports successes in
the fabrication of cartilage and bone structures for head
and neck applications, the full potential of this technol-
ogy has yet to be realized [16]. For the first time, we rec-
ognize that there is not yet a practical solution similar to
what was presented by Zhang et al., where they designed
a new artificial airway device based on many years of
research experience in respiratory support therapy [17].
In our study, we initially utilized an implant that exhib-
ited instability and low rigidity, resulting in collapse.

However, following modification, it effectively fulfilled
the desired functions.

The process of 3D printing patient-specific models is
far from simple. According to Omari et al,, it entails a
complex series of steps, including preprocessing (such as
capturing and editing image data for printing), process-
ing, and postprocessing (involving the removal of excess
impression material and sterilization) [18]. In addition,
the choice of the most appropriate printing technology
and materials also significantly affects the manufacturing
process [19].

In a study conducted by Ensari et al.,, they applied a
polylactic acid (PLA) film to the middle ear of guinea
pigs. They found that it had no detrimental effects on
hearing or middle ear mucosa compared to the non-
intervened side [19]. However, a limitation of their
study was the lack of measurement of DPOAES, which
made it difficult to understand the effects of PLA on the
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inner ear. In our experiment, we observed a connection
between PLA degradation and mild middle ear as well as
moderate inner ear damage at different histological lev-
els (RR 5, 95% CI 0.866—28.861, p=0.010), which affected
the production of DPOAEs. Therefore, the association
between PLA and histological damage of the inner ear is
confirmed by the absence of histological damage in the
non-intervened ears, although it’s unclear if the damage
is transient due to the short follow-up period.

It has been noted that traditional PLA 3D printers
struggle to reproduce models smaller than 5 mm. There-
fore, we suggest using a different type of material and 3D
printer for such small implants. For example, Hirsch et al.
[20] successfully reproduced an ossicular chain implant
adapted to the anatomical circumstances of a defect in a
cadaveric model. They replaced the incus (3 X2 mm) with
a 3D printed model using a resin printer with a precision
of 25 um, commonly used for dental stereolithographic
models. However, since it was a cadaveric model, the
effects of the resin on the inner ear were not known.

In our study, we observed the following post-implant
changes in the middle ear: minimal to mild damage was
observed in the epithelial layer of the tympanic mem-
brane, as well as inflammatory damage in the middle
ear in 80% of Group 1, in contrast to 0% of Group 2 in
the inner ear: 100% of Group 1 specimens, presented
damage in the inner ear, which ranged from minimal to
moderate, among these: epithelial damage of the organ
of Corti; lesion of the lamina propria and/or bony laby-
rinth; edema, hemorrhage, inflammation and fibrosis.
Costa observed the temporal findings of 21 users where
a chronic inflammatory process in the electrodes caused
fibrosis and new bone formation; the inflammatory
response was less intense around the electrodes closer to
the most apical region of the cochlea [21].

At the first evaluation, at 3 months, remnants of PLA
were observed in one ear, while in the rest there was no
evidence of PLA with a completely repaired tympanic
membrane. Throughout the observation period, no
adverse events such as otorrhea, otorrhagia, granulomas,
or other lesions occurred, and all specimens survived.
It’s important to note that complications due to surgery
at the time of implantation must also be considered. Lau
presented the following complications of surgery in his
study, which included blockage of the drainage with acute
otitis media that required reoperation within six months
in 3 out of 54 children who had the drainage placed [22].

It was found that 80% of the specimens exhibited
middle ear pathology before the intervention, with 30%
demonstrating atical retraction and 50% showing signs
of glue ear. The remaining 20% showed no clinical altera-
tions. Pre-intervention DPOAEs were present in 100%
of Group 1 and 0% of Group 2. Absent emissions were
indicative of adhesive tympanic membranes. Following
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the procedure, otoacoustic emissions were absent in all
ears explored (100%).

We fully acknowledge the limitations of our study, such
as the small sample size and the high prevalence of pre-
existing middle ear pathology. Despite these challenges,
we are confident in the importance of continuing our
experimentation with 3D printing for implants. By stra-
tegically adjusting variables such as the biopolymer used,
the quality, and the resolution of the 3D printer, we aim
to improve the design and safety of the implant, while
also identifying materials that are well tolerated at the
otologic level.

Conclusion

In our study, the design and 3D printing of implants
achieved the desired functions. Among the complica-
tions, an association was found between PLA degrada-
tion and mild damage in the middle ear and moderate
damage in the inner ear. In the evaluation corresponding
to the observation period, there were no adverse events
related to the implantation of the 3D model and all speci-
mens were found to be surviving.

According to our results, since they showed small
short-term improvements, we consider it necessary to
deepen the research related to 3D printed models. These
models offer the benefit of greater accessibility and the
possibility of customizing implants according to the ana-
tomical characteristics of the patient.
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