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Abstract

Hypothesis

To develop and validate the optimal design and evaluate accuracy of individualized 3D-

printed surgical guides for cochlear implantation.

Background

Positioning and fixation of the cochlear implant (CI) are commonly performed free hand.

Applications of 3-dimensional (3D) technology now allow us to make patient specific, bone

supported surgical guides, to aid CI surgeons with precise placement and drilling out the

bony well which accommodates the receiver/stimulator device of the CI.

Methods

Cone beam CT (CBCT) scans were acquired from temporal bones in 9 cadaveric heads (18

ears), followed by virtual planning of the CI position. Surgical, bone-supported drilling guides

were designed to conduct a minimally invasive procedure and were 3D-printed. Fixation

screws were used to keep the guide in place in predetermined bone areas. Specimens were

implanted with 3 different CI models. After implantation, CBCT scans of the implanted speci-

mens were performed. Accuracy of CI placement was assessed by comparing the 3D mod-

els of the planned and implanted CI’s by calculating the translational and rotational

deviations.

Results

Median translational deviations of placement in the X- and Y-axis were within the predeter-

mined clinically relevant deviation range (< 3 mm per axis); median translational deviation in
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the Z-axis was 3.41 mm. Median rotational deviations of placement for X-, Y- and Z-rotation

were 5.50˚, 4.58˚ and 3.71˚, respectively.

Conclusion

This study resulted in the first 3D-printed, patient- and CI- model specific surgical guide for

positioning during cochlear implantation. The next step for the development and evaluation

of this surgical guide will be to evaluate the method in clinical practice.

Introduction

Cochlear implantation has been an accepted treatment for patients with severe-to-profound

sensorineural hearing loss for several decades [1]. Nowadays, it is regarded as a safe procedure

with low complication rates, and surgical techniques are continuously improving to achieve

better audiological results [2]. Placement and fixation of the cochlear implant (CI) is an under-

estimated step during the cochlear implantation procedure. The internal part of the cochlear

implant, also known as the receiver/stimulator (R/S) device, is designed to reside in close prox-

imity to the pinna, without any interference with the external processor. During cochlear

implantation the CI surgeon positions the R/S device under the temporalis muscle by either

drilling out a part of the skull cortex (a bony well) with or without suture retaining holes, or by

creating a subperiosteal pocket which holds the device in place. CI manufacturers provide

information about the optimal distance from the pinna and the angle relative to the ear canal/

pinna. Templates are provided by the manufacturers to draw the outlines of the external and

internal parts on the surgical drapes to aid in positioning the implant. However, these tem-

plates provide an estimate at best of where the implant will reside [3]. The drawings on the sur-

gical drapes are often arbitrary, imprecise and during the operative procedure it is difficult to

match the external drawing to the skull surface. Some surgeons additionally apply a percutane-

ous marker (small diamond burr or methylene blue stain) through the skin on the bone,

thereby locating more exactly the position of the definitive implant position on the temporal

cortex during surgery [4, 5]. In case of bilateral implantation, achieving symmetrical place-

ment is challenging as well. Interindividual variability of cortical thickness of the temporal

bone between patients, can also be a factor of influence when drilling out a bony well [6]. We

believe some of these issues can be solved by using patient-specific, bone-supported, surgical

guides.

Intraoperative guides are templates used in a variety of ways for tissue reconstruction, by

assisting cutting or drilling. In health care, and surgery specifically, the concept of patient-spe-

cific surgical guides is far from new, and it is being applied in everyday medical practice [7]. In

the field of otology, 3D-printed guides have already successfully been used for hearing implant

surgery [8]. Until now, R/S device placement and drilling is usually performed free hand. The

goal of the surgical guide is to aid the CI surgeons with precise placement and drilling proce-

dure of the bony well, which accommodates the R/S device. This study aims to develop and

validate a patient specific, bone supported surgical guide.

Materials and methods

Specimens

For this feasibility study, we used fresh frozen human cadaveric heads that were obtained

through the Human Body Donation program of the University of Utrecht (https://www.
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umcutrecht.nl/nl/meedoen-aan-wetenschappelijk-onderzoek). From these persons written

informed consent was obtained during life that allowed the use of their entire bodies for educa-

tional and research purposes. The possibility for body donation is part of the Dutch law on

dead bodies. As no living human subjects were involved, this work was exempt from review by

the Institutional Review Board of the UMC Utrecht. The specimens had to have an intact tem-

poral and parietal bone and retroauricular skin. A power analysis was conducted to calculate

sample size. We estimated a translational difference of 3.0 mm to be clinically relevant, based

on expert opinion, with a standard deviation of 2.0 mm. With an alpha of 0.05 and a power of

85%, we needed to include 17 ears. Rotational deviations above 5˚ in the sagittal plane were

deemed clinically relevant.

Planning and guide design

Specimens underwent Cone Beam CT scans (VGi evo, NewTom, Cefla C.S., Italy) with a 24 x

19 cm field of view (FoV), and 0.3 mm slice thickness. Images were stored in DICOM format.

Using the segmentation feature in iPlan (Brainlab, Munich, Germany), the skull was seg-

mented and reconstructed into a 3D model. This 3D model was then imported into 3-matic

version 14.0 medical design software (Materialise). The CI’s used for this study were Cochlear

CI512, Oticon Neuro Zti and MedEl SONATA TI(100). The CI’s from Cochlear and MedEl

were used models, acquired after revision or explantation surgery due to device failure or

patient dissatisfaction with speech recognition results. The CI from Oticon Medical was pro-

vided by the manufacturer for research purposes. Volume data of the CI’s were acquired by

scanning the implants using a 3shape laboratory scanner (3shape, Copenhagen, Denmark).

The data was reconstructed into 3D models.

The planning of the implantation was conducted by the following steps. First two virtual

planes were created on the 3D model of the skull, namely the Frankfurt Horizontal plane that

connects the inferior margins of the orbits and the superior margin of the external auditory

canal (EAC), and a 45˚ plane relative to the Frankfurter Horizontal plane, originating from the

EAC (Fig 1a). Next, the CI was aligned to the 45˚ plane with a distance of 2.5 cm from the

EAC. During the positioning of the CI the curvature of the skull was taken into account. The

position for the Cochlear and MedEl models was determined so that the anterior part of the

implant (receiver/stimulator) would be embedded whilst allowing the posterior part (magnet

with coil) to rest on the skull. The Oticon implant was embedded in the skull in its entirety. In

order to achieve symmetrical placement, the 3D model of the cochlear implant was duplicated

and mirrored to the contralateral side over the sagittal plane as defined by the Frankfurt Hori-

zontal plane. With the implants in place, the drilling guides were designed. The skull surface of

the mastoid bone and the supramastoid crest were used as contact areas and were defined (Fig

1b and 1c). After each implantation the surgical guide was reviewed based on the feasibility

and the deviation results. The surface contact area was extended or reduced accordingly to

optimize the design. Screw holes were created to stabilize the guide on the area of the mastoid

bone. All guides were produced using a medical certified photopolymer resin (Model 2.0,

Next-Den, Soesterberg, The Netherlands) using selective laser sintering 3D printing.

Surgical workflow

Implantations were carried out by a clinical research physician (LM) who had undergone sur-

gical training prior to start of the study. One implantation was carried out by a senior CI sur-

geon (HT). Fixation of the CI’s using the drilling guides was carried out as follows. A

retroauricular Lazy-S incision of approximately 8–9 cm was made. The bony surface was

exposed to fit the designated location on the temporal bone. The periosteum was elevated to
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place the drilling guide. The guide was secured to the bone with two screws (Fig 1d). A cortical

recess was drilled out (Fig 1e), with a bony overhang if bone thickness was adequate. The sur-

gical guide was then removed and the fit of the bony bed was tested by means of a silicone

dummy. When the optimal fit was achieved, the cochlear implant was placed in the bony bed

and the periosteum was closed, in order to perform the post implantation scan. Each side of a

specimen was implanted and scanned sequentially, in order to assess the depth of the bony bed

without scattering created by the implant.

Analysis

After implantation, a CBCT scan was carried out using the same settings as mentioned above.

The DICOM images were imported into iPlan and image fusion with the preoperative scan

was achieved by first performing manual alignment followed by automated registration based

on voxel based matching. Image fusion was visually verified by the researcher. The implanted

CI was segmented and exported as a 3D model (Fig 1f). The image fusion step ensured that the

pre-implantation 3D models of the CI’s and the post-implantation 3D models of the CI’s were

in the same coordinate system.

In order to compare the accuracy of the CI placement between the specimens we assessed

the pre-implantation 3D models to the post-implantation 3D models per case. The 3D models

of the CI’s were placed in the same coordinate system. This alignment of the CI’s between

specimens, was achieved by performing the following three steps in 3DMedX (v1.2.11.1, 3D

Lab Radboudumc, Nijmegen). First, the 3D models of the CI’s were manually placed at the ori-

gin of the coordinate system and aligned to the principal axis of this coordinate system,

referred to as the centered CI (Fig 2a). Secondly, the 3D model of the planned CI (pre-op) was

Fig 1. Planning, guide design and surgical procedure using the 3D-printed guide on a cadaveric head. (a) The 3D model of the cochlear implant

(CI, shown in red) aligned with a 45˚ plane relative to the Frankfurter Horizontal plane, originating from the external auditory canal (EAC). (b) The

skull surface of the mastoid bone and the suprameatal crest used as contact areas (marked yellow on the skull). (c) Surgical guide depicted in green. (d)

The surgical guide in place on a cadaveric head. (e) Surgical guide removed with a clear view of the drilled cortical recess. (f) Segmented 3D model of

the implanted CI based on the postoperative CBCT scan (shown in blue).

https://doi.org/10.1371/journal.pone.0270517.g001
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registered toward the centered CI of the respective CI model, using rigid surface based match-

ing (Fig 2b). This registration was based on the Iterative Closest Point (ICP) algorithm [9]. An

important note is that the 3D models of the centered CI and planned CI were identical, remov-

ing the potential of a registration error. Thirdly, the transformation matrix determined by the

ICP registration in the previous step was also applied to the 3D model of the implanted CI,

extracted from the postoperative CBCT scan (Fig 2b). This placed the implanted CI in the

same relative position to the planned for accurate comparison. In order to enable the direct

comparison of the left and right implanted CI, the 3D models from the CI’s implanted on the

left side of the head were mirrored in the sagittal plane before performing the previous three

steps.

Fig 2. Analysis steps of the alignment of cochlear implants to eliminate errors due to skull size and planning variability. The X, Y, and Z axis are

marked red, green, and blue, respectively. (a) Depiction of the manually placed cochlear implant (CI) at the origin of the coordinate system (0,0,0)

(green color); the 3D model of the planned CI (red color); the 3D model of the implanted CI (blue color). (b) Registration of the planned CI (red color)

towards the centered CI model (green color) using rigid surface matching.

https://doi.org/10.1371/journal.pone.0270517.g002
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Finally, the accuracy of the CI placement was determined by performing a second ICP reg-

istration from the planned CI, now located at the center of the coordinate system, to the regis-

tered 3D model of the implanted CI. The translation (mm) and rotation, expressed as the roll,

pitch, and yaw, were derived from the transformation matrix as determined by the second ICP

registration. The transformation matrix was converted to the Euler angles using the YXZ

sequence. A perfect CI placement would result in a 0 mm translation and 0˚ rotation along all

axis.

Since the combination of a translation and rotation can be difficult to interpret, the accu-

racy of the CI placement was also expressed as the translation between the center of the magnet

of the planned CI and the implanted CI. The center of the magnet only needed to be deter-

mined once for each model of CI used in this study, removing a potential observer error of

selecting the center of the magnet separately for each cadaver.

Statistical analysis

Data were analyzed using IBM SPSS Statistics for Windows (version 25.0; IBM Corp.,

Armonk, NY, USA). Translational and rotational deviations between the planned CI and the

implanted CI were analyzed using descriptive statistics. In order to prevent the effect of posi-

tive and negative values cancelling each other out, we used the absolute numbers for the statis-

tical analysis. Each ear was analyzed as an individual case. Since we expect the outcome of the

study to be not dependent on the characteristic of the specimen, we did not apply adjustment

for the correlation between the two ears. This study will be reported according to the guide-

lines the STROBE statement.

Results

We implanted and analyzed 9 specimens and 18 ears in total. Specimen 8 was implanted by

HT, all other specimens were implanted by LM. Due to outliers, in particular subject 1, 2 and

8, the data were not normally distributed. An overview of the absolute translational and rota-

tional deviations between the planned CI and implanted CI are shown in Table 1. Transla-

tional deviation of placement under the 3.0 mm threshold, was achieved in the X- and the Y-

axis (median deviation of 1.59 mm with IQR 0.95 and 2.34 mm with IQR 3.84 respectively).

Translational deviation was highest in the Z-axis (median deviation of 3.41 mm with IQR

4.55) with also the largest range of deviation. Rotational deviation of placement ranged from

1.53 to 23.73 degrees on the X-axis, 0.10 to 19.55 degrees on the Y-axis and 0.22 to 11.07

degrees on the Z-axis. Specimens number 1 (left side) and 8 (both sides) had Z translational

deviations of more than 10 mm (Fig 3a). These cases also had large rotational deviations in the

Table 1. Absolute translational and rotational deviations between the planned cochlear implant (CI) and the implanted CI calculated with the Iterative Closest

Point (ICP) algorithm.

Translational deviations (millimeters) Rotational deviations (degrees)

X-translation Y-translation Z-translation Pitch Roll Yaw

Median 1.59 2.34 3.41 5.50 4.58 3.71

IQR 0.95 3.84 4.55 8.90 6.26 4.25

Mean ± SD 1.65 ± 0.73 3.84 ± 3.68 4.93 ± 4.95 8.02 ± 6.37 6.20 ± 5.55 4.14 ± 3.20

95% CI 1.28–2.01 2.01–5.67 2.47–7.39 4.85–11.18 3.43–8.96 2.55–5.73

Min 0.67 0.25 0.32 1.53 0.10 0.22

Max 3.48 14.33 20.30 23.73 19.55 11.07

IQR: interquartile range; SD: standard deviation; CI: confidence interval; Pitch: X-rotation; Roll: Y-rotation; Yaw: Z-rotation

https://doi.org/10.1371/journal.pone.0270517.t001
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Fig 3. Translational and rotational deviations (absolute values) per case between the planned CI and implanted

CI, expressed in millimeters and degrees. (a)Translational deviations (absolute values) in millimeters per axis, per

case; (b)Rotational deviations (absolute values) in degrees per axis, per case; Horizontal numbers represent the

specimens.

https://doi.org/10.1371/journal.pone.0270517.g003
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X- and Y-axis (Fig 3b). In S1 Table we list the translational and rotational deviations per

specimen.

Analysis of the translational deviations between the planned CI and implanted CI calculated

for the center of the magnet from each CI, also resulted in median deviations under the 3 mm

threshold in the X- and Y-axis respectively (Table 2 for the absolute translational displacement

and Fig 4 for the true translation per case). The median translational deviations in the Z-axis

was 4.94 mm with IQR 5.42 mm.

Discussion

In this cadaveric study, we developed a preoperative planning workflow for the positioning

and fixation of CI’s, and designed a 3D-printed, patient- and CI model-specific surgical guide.

The feasibility of using a 3D-printed guide for drilling of the R/S device bony bed was evalu-

ated in conditions as close to reality as possible. To optimize use of the surgical guide screws

were added that hold the guide in place, to accommodate the surgeon during the drilling pro-

cedure. By staying within 2.5 cm distance from the bony ear canal (which is a stable and reli-

able landmark visible during preoperative planning on the CBCT), and using the mastoid as

well as the external meatus rim and suprameatal crest as landmarks for the surgical guide,

more exact positioning on the skull was achieved. The analysis of the planned and implanted

CI showed that the median deviations of the X-, and Y-translation were within the predeter-

mined clinically relevant threshold of 3 mm for both landmarks (Tables 1 and 2). Rotational

deviations varied between the directions with the Z-rotation having the smallest and X-rota-

tions having the largest deviations (Fig 4).

3D printing is increasingly utilized in otolaryngology in all facets of surgery, from planning

to execution [10, 11]. Operative templates in craniofacial and head and neck surgery are mostly

used for intraoperative cutting of bony tissues, such as reconstruction of mandibular bony

defects [11]. Virtual planning and 3D-printed templates for drilling are less common in oto-

logical surgery, although there is increasing interest in applying these techniques in clinical

practice. For instance, a method for accurate placement of a bone conduction hearing device

has been developed which has shown promising results and has already been used in clinic

[12–15]. Another example of surgical templates for drilling, is a study by Vijverberg et al. that

used skin-supported guides for bone anchored auricular prostheses [16]. Our study utilized

the same principles, applying similar methods in regards to workflow and execution, and faced

the same challenges. This study is feasible with any validated software and 3D printers

approved for medical use. Furthermore, the preoperative planning and designing of the surgi-

cal guide can be realized with different imaging techniques including computed tomography

and magnetic resonance imaging [17].

Table 2. Absolute translational deviations (in mm) between the planned cochlear implant (CI) and the implanted CI calculated of the center of the magnet for each

CI type with the landmark based analysis.

X-translation Y-translation Z-translation

Median 1.92 2.13 4.94

IQR 2.47 3.26 5.42

Mean ± SD 2.46 ± 1.95 3.17 ± 3.34 7.43 ± 7.92

95% CI 1.49–3.43 1.51–4.83 3.49–11.37

Min 0.24 0.43 0.55

Max 7.20 13.85 26.05

IQR: interquartile range; SD: standard deviation; CI: confidence interval.

https://doi.org/10.1371/journal.pone.0270517.t002
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This surgical guide is an easy-to-use tool for CI surgeons when drilling a bony bed and opti-

mizes accuracy in regards to positioning on the skull. Moreover, no rough estimates are neces-

sary beforehand when surgically planning the positioning. The template provides the exact

location on the skull during surgery. Especially during bilateral cochlear implantation (simul-

taneous or sequential), it might be a valuable addition to the existing surgical instruments.

Symmetrical placement is one of the main aspects visible from outside, regarded as important

by these infants’ parents, based on our experience. The time invested preoperatively to plan

and produce the surgical guide could benefit the surgical procedure by reducing its duration.

Furthermore, the process of preoperative planning and production can be automated, making

this surgical tool suitable for use in clinic. With the data of this study we cannot conclude if

this surgical tool is financially beneficial. This would have to be examined in future clinical

studies to weigh the potential reduction of operation time against the costs of production and

sterilization.

A challenge we faced during this study was finding the balance between optimizing the sur-

gical guides’ accuracy, while also maintaining the low level of invasiveness that is exercised in

Fig 4. Translation deviations (true values) of the center of the magnet for each CI type, between the planned CI and the post-op CI per case

expressed in millimeters. Displacement of the center of the magnet between the planned CI and the post-op CI (true values); Horizontal numbers

represent the specimens.

https://doi.org/10.1371/journal.pone.0270517.g004
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clinical practice. A study by Caiti et al. that tested the accuracy of guide positioning on the

radius, reported that the accuracy of bone supported surgical guides can vary depending on

the location of the bone contact area as well as the size of the surgical guide. They found that

extended guides, that is to say guides that covered a larger area of the cortical bone, resulted in

a higher placement accuracy [18]. The first designs of our surgical guide had a small contact

area and also did not include the mastoid bone. We found that using both the external meatus

rim and the mastoid bone as contact areas for the surgical guide gave the best results. These

conditions were met by seven cases. The median difference of translation for these cases was

under the preset threshold of 3 mm deviation for all translational directions, although the dif-

ference with the cases that did not meet these conditions was not statistically significant. The

greatest translational improvement using these contact areas was seen in the Z-axis, which was

also found by Caiti et al. in their experimental study [18]. Therefore we will use these contact

areas when implementing this surgical tool for clinical use. Our results also show a high trans-

lational deviation in the Y-axis in these specimens, suggesting a tendency to place the implant

more posteriorly. Finally, the translational analysis of the center of the magnet is an easy to

interpret analysis of the accuracy which could also be applied in clinic using a flexible tape

measure method, validated by our group [19]. Based on the results from this study the largest

median deviation would be expected in the Z-axis.

Another point of interest is the apparent learning curve in using the surgical guide. The

results of the implantation (only one) executed by HT showed considerable deviation from

the planning (Fig 3). This learning curve is to be expected when using a new surgical tool,

and this is in line with previous publications of surgical drilling guides [12, 20]. We recom-

mend applying this technique on phantoms such as temporal bones before applying it in

vivo.

An important factor that influences accuracy of placement is drilling direction. The surgical

tool developed in this study guides the external outline of the bony bed, but it does not guide

the direction of the drilling, nor the depth of the bony bed. Due to the fact that the posterior

side of the CI (in cases of MedEl, Advanced Bionics and Cochlear, the magnet is situated poste-

riorly) is not embedded in the skull, the depth of the bony bed is only related to the anterior

side of the implant and available cortex thickness. The electrode lead exit also influences the

antero-inferior aspect and shape of the bed. Despite these factors influencing the procedure,

the translational deviation results of X-translation were satisfactory and evenly distributed

between the different implantees, thus we do not expect problems when implementing this

method in clinical practice. In this study we used simple guide designs, tested the templates

under conditions as close to reality as possible and adhered to a pragmatic accuracy threshold.

Satisfactory results were not achieved within the preset limits in all specimens, which is to be

expected in a feasibility and pilot study. We identified the potential problems using this tool

such as the surgical learning curve as well as the importance of the implant-bone surface con-

tact area, and adapted the design while maintaining a minimally invasive approach. One addi-

tional detail is the shape of the retroauricular incision. This should be as minimal invasive as

possible (taking into account: scar, pain sensation, esthetics, postoperative morbidity, possible

skin related complications) though provide enough space and exposition for adequately dril-

ling a bony well. Therefore in this study a S-shaped “à minima” cut (Lazy S) is applied. It

might be discussed whether a C-shaped incision could be opted for (a viable alternative fre-

quently adopted by CI surgeons), however in our experience it does provide insufficient expo-

sure in that region whilst in the same time enough visibility for mastoidectomy and posterior

tympanotomy. The optimal skin incision should therefore be included as an objective during

future research on this challenging and underestimated topic.
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Conclusion

In this study we developed and tested the first 3D-printed, (patient- and CI model) specific

drilling guide. The surgical guide performed well in translational accuracy, and showed more

heterogeneity in rotational accuracy. We therefore consider the surgical guide developed in

this feasibility study helpful and confirm its potential to increase positioning accuracy in uni-

lateral and bilateral cochlear implantations. The next step for the development and evaluation

of this surgical guide will be to evaluate the method in clinical practice.
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S1 Table. Data per cadaver. All data.

(PDF)

Acknowledgments

We would like to thank the 3D Face Lab of the Department of Oral and Maxillofacial Surgery

at the UMC Utrecht for technical advice and support, and the Department of Anatomy at the

UMC Utrecht for supporting this research.

Author Contributions

Conceptualization: Laura M. Markodimitraki, Timen C. ten Harkel, Ronald L. A. W. Bleys,

Inge Stegeman, Hans G. X. M. Thomeer.

Data curation: Laura M. Markodimitraki, Timen C. ten Harkel.

Formal analysis: Timen C. ten Harkel.

Funding acquisition: Hans G. X. M. Thomeer.

Investigation: Laura M. Markodimitraki.

Methodology: Laura M. Markodimitraki, Timen C. ten Harkel, Inge Stegeman, Hans G. X. M.

Thomeer.

Project administration: Laura M. Markodimitraki.

Resources: Ronald L. A. W. Bleys.

Software: Timen C. ten Harkel.

Supervision: Ronald L. A. W. Bleys, Inge Stegeman, Hans G. X. M. Thomeer.

Visualization: Laura M. Markodimitraki, Timen C. ten Harkel.

Writing – original draft: Laura M. Markodimitraki, Timen C. ten Harkel.

Writing – review & editing: Ronald L. A. W. Bleys, Inge Stegeman, Hans G. X. M. Thomeer.

References
1. Eshraghi AA, Nazarian R, Telischi FF, Rajguru SM, Truy E, Gupta C. The cochlear implant: historical

aspects and future prospects. Anat Rec (Hoboken). 2012; 295(11):1967–80. https://doi.org/10.1002/ar.

22580 PMID: 23044644

2. Terry B, Kelt RE, Jeyakumar A. Delayed Complications After Cochlear Implantation. JAMA Otolaryngol

Neck Surg [Internet]. 2015; 141(11):1012. Available from: https://doi.org/10.1001/jamaoto.2015.2154

PMID: 26469680

PLOS ONE 3D-printed cochlear implant surgical guides

PLOS ONE | https://doi.org/10.1371/journal.pone.0270517 July 25, 2022 11 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0270517.s001
https://doi.org/10.1002/ar.22580
https://doi.org/10.1002/ar.22580
http://www.ncbi.nlm.nih.gov/pubmed/23044644
https://doi.org/10.1001/jamaoto.2015.2154
http://www.ncbi.nlm.nih.gov/pubmed/26469680
https://doi.org/10.1371/journal.pone.0270517


3. Cohen NL, Rol JT, Fishman A. Surgical technique for the Nucleus® ContourTM cochlear implant. Ear

Hear [Internet]. 2002; 23(1):59S–66S. Available from: http://www.embase.com/search/results?

subaction=viewrecord&from=export&id=L34195175

4. Monksfield P, Husseman J, Cowan RSC, O’Leary SJ, Briggs RJS. The new Nucleus 5 model cochlear

implant: a new surgical technique and early clinical results. Cochlear Implants Int [Internet]. 2012; 13

(3):142–7. Available from: https://doi.org/10.1179/1754762811Y.0000000012 PMID: 22333886

5. Cohen MS, Ha AY, Kitsko DJ, Chi DH. Surgical outcomes with subperiosteal pocket technique for

cochlear implantation in very young children. Int J Pediatr Otorhinolaryngol [Internet]. 2014; 78

(9):1545–7. Available from: https://doi.org/10.1016/j.ijporl.2014.07.002 PMID: 25064628

6. de Varebeke SP, Govaerts P, Cox T, Deben K, Ketelslagers K, Waelkens B. Fixation of cochlear

implants: an evidence-based review of literature. B-ENT [Internet]. 2012; 8(2):85–94. Available from:

http://www.ncbi.nlm.nih.gov/pubmed/22896927 PMID: 22896927

7. Martelli N, Serrano C, Van Den Brink H, Pineau J, Prognon P, Borget I, et al. Advantages and disadvan-

tages of 3-dimensional printing in surgery: A systematic review. Surg (United States). 2016; 159

(6):1485–500.

8. Takumi Y, Matsumoto N, Cho B, Ono H, Mori K, Tsukada K, et al. A clinical experience of “STAMP”

plate-guided Bonebridge implantation. Acta Otolaryngol [Internet]. 2014; 134(10):1042–6. Available

from: https://doi.org/10.3109/00016489.2014.900703 PMID: 25115972

9. Besl PJ, McKay ND. A Method for Registration of 3-D Shapes. IEEE Trans Pattern Anal Mach Intell.

1992.

10. Hong CJ, Giannopoulos AA, Hong BY, Witterick IJ, Irish JC, Lee J, et al. Clinical applications of three-

dimensional printing in otolaryngology–head and neck surgery: A systematic review. Laryngoscope.

2019; 129(9):2045–52. https://doi.org/10.1002/lary.27831 PMID: 30698840

11. VanKoevering KK, Hollister SJ, Green GE. Advances in 3-dimensional printing in otolaryngology a

review. JAMA Otolaryngol—Head Neck Surg. 2017; 143(2):178–83. https://doi.org/10.1001/jamaoto.

2016.3002 PMID: 27711917

12. Matsumoto N, Takumi Y, Cho B, Mori K, Usami S ichi, Yamashita M, et al. Template-guided implanta-

tion of the Bonebridge: clinical experience. Eur Arch Oto-Rhino-Laryngology. 2014; 272(12):3669–75.

https://doi.org/10.1007/s00405-014-3452-1 PMID: 25524644

13. Yamashita M, Matsumoto N, Cho B, Komune N, Onogi S, Lee J, et al. Registration using 3D-printed

rigid templates outperforms manually scanned surface matching in image-guided temporal bone sur-

gery. Int J Comput Assist Radiol Surg. 2016; 11(11):2119–27. https://doi.org/10.1007/s11548-016-

1441-0 PMID: 27299347

14. Cho B, Matsumoto N, Mori M, Komune S, Hashizume M. Image-guided placement of the BonebridgeTM

without surgical navigation equipment. Int J Comput Assist Radiol Surg. 2014; 9(5):845–55. https://doi.

org/10.1007/s11548-013-0973-9 PMID: 24395700

15. Canzi P, Marconi S, Manfrin M, Magnetto M, Carelli C, Simoncelli AM, et al. From CT scanning to 3D

printing technology: A new method for the preoperative planning of a transcutaneous bone-conduction

hearing device. Acta Otorhinolaryngol Ital. 2018; 38(3):251–6. https://doi.org/10.14639/0392-100X-

1625 PMID: 29984791

16. Vijverberg MA, Verhamme L, van de Pol P, Kunst HPM, Mylanus EAM, Hol MKS. Auricular prostheses

attached to osseointegrated implants: multidisciplinary work-up and clinical evaluation. Eur Arch Oto-

Rhino-Laryngology [Internet]. 2019; 276(4):1017–27. Available from: https://doi.org/10.1007/s00405-

019-05311-0 PMID: 30847547

17. Florkow MC, Willemsen K, Mascarenhas V V., Oei EHG, van Stralen M, Seevinck PR. Magnetic Reso-

nance Imaging Versus Computed Tomography for Three-Dimensional Bone Imaging of Musculoskele-

tal Pathologies: A Review. J Magn Reson Imaging. 2022. https://doi.org/10.1002/jmri.28067 PMID:

35044717

18. Caiti G, Dobbe JGG, Strijkers GJ, Strackee SD, Streekstra GJ. Positioning error of custom 3D-printed

surgical guides for the radius: influence of fitting location and guide design. Int J Comput Assist Radiol

Surg. 2018; 13(4):507–18. https://doi.org/10.1007/s11548-017-1682-6 PMID: 29110185

19. Markodimitraki LM, Stegeman I, Smit AL, Thomeer HGXM. Cochlear Implant Receiver Location and

Migration: Experimental Validation Pilot Study of a Clinically Applicable Screening Method. Front Surg.

2020; 6(January). https://doi.org/10.3389/fsurg.2019.00078 PMID: 32010706

20. Pijpker PAJ, Kraeima J, Witjes MJH, Oterdoom DLM, Coppes MH, Groen RJM, et al. Accuracy Assess-

ment of Pedicle and Lateral Mass Screw Insertion Assisted by Customized 3D-Printed Drill Guides: A

Human Cadaver Study. Oper Neurosurg. 2019; 16(1):94–102. https://doi.org/10.1093/ons/opy060

PMID: 29660055

PLOS ONE 3D-printed cochlear implant surgical guides

PLOS ONE | https://doi.org/10.1371/journal.pone.0270517 July 25, 2022 12 / 12

http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L34195175
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L34195175
https://doi.org/10.1179/1754762811Y.0000000012
http://www.ncbi.nlm.nih.gov/pubmed/22333886
https://doi.org/10.1016/j.ijporl.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/25064628
http://www.ncbi.nlm.nih.gov/pubmed/22896927
http://www.ncbi.nlm.nih.gov/pubmed/22896927
https://doi.org/10.3109/00016489.2014.900703
http://www.ncbi.nlm.nih.gov/pubmed/25115972
https://doi.org/10.1002/lary.27831
http://www.ncbi.nlm.nih.gov/pubmed/30698840
https://doi.org/10.1001/jamaoto.2016.3002
https://doi.org/10.1001/jamaoto.2016.3002
http://www.ncbi.nlm.nih.gov/pubmed/27711917
https://doi.org/10.1007/s00405-014-3452-1
http://www.ncbi.nlm.nih.gov/pubmed/25524644
https://doi.org/10.1007/s11548-016-1441-0
https://doi.org/10.1007/s11548-016-1441-0
http://www.ncbi.nlm.nih.gov/pubmed/27299347
https://doi.org/10.1007/s11548-013-0973-9
https://doi.org/10.1007/s11548-013-0973-9
http://www.ncbi.nlm.nih.gov/pubmed/24395700
https://doi.org/10.14639/0392-100X-1625
https://doi.org/10.14639/0392-100X-1625
http://www.ncbi.nlm.nih.gov/pubmed/29984791
https://doi.org/10.1007/s00405-019-05311-0
https://doi.org/10.1007/s00405-019-05311-0
http://www.ncbi.nlm.nih.gov/pubmed/30847547
https://doi.org/10.1002/jmri.28067
http://www.ncbi.nlm.nih.gov/pubmed/35044717
https://doi.org/10.1007/s11548-017-1682-6
http://www.ncbi.nlm.nih.gov/pubmed/29110185
https://doi.org/10.3389/fsurg.2019.00078
http://www.ncbi.nlm.nih.gov/pubmed/32010706
https://doi.org/10.1093/ons/opy060
http://www.ncbi.nlm.nih.gov/pubmed/29660055
https://doi.org/10.1371/journal.pone.0270517

