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Background: As an advanced surgical technique to reduce trauma to the inner ear, robot-assisted electrode array (EA) insertion has been applied in adult cochlear implantation (CI) and was approved as a safe surgical procedure that could result in better outcomes. As the mastoid and temporal bones are generally smaller in children, which would increase the difficulty for robot-assisted manipulation, the clinical application of these systems for CI in children has not been reported. Given that the pediatric candidate is the main population, we aim to investigate the safety and reliability of robot-assisted techniques in pediatric cochlear implantation.

Methods: Retrospective cohort study at a referral center in Shanghai including all patients of simultaneous bilateral CI with robotic assistance on one side (RobOtol® system, Collin ORL, Bagneux, France), and manual insertion on the other (same brand of EA and CI in both side), from December 2019 to June 2020. The surgical outcomes, radiological measurements (EA positioning, EA insertion depth, mastoidectomy size), and audiological outcomes (Behavior pure-tone audiometry) were evaluated.

Results: Five infants (17.8 ± 13.5 months, ranging from 10 to 42 months) and an adult (39 years old) were enrolled in this study. Both perimodiolar and lateral wall EAs were included. The robot-assisted EA insertion was successfully performed in all cases, although the surgical zone in infants was about half the size in adults, and no difference was observed in mastoidectomy size between robot-assisted and manual insertion sides (p = 0.219). The insertion depths of EA with two techniques were similar (P = 0.583). The robot-assisted technique showed no scalar deviation, but scalar deviation occurred for one manually inserted pre-curved EA (16%). Early auditory performance was similar to both techniques.

Conclusion: Robot-assisted technique for EA insertion is approved to be used safely and reliably in children, which is possible and potential for better scalar positioning and might improve long-term auditory outcome. Standard mastoidectomy size was enough for robot-assisted technique. This first study marks the arrival of the era of robotic CI for all ages.
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INTRODUCTION

Minimizing intracochlear trauma is an essential consideration in cochlear implantation (CI), particularly the preservation of residual hearing, by applying soft surgery and derivative techniques (1–5). As a key procedure in CI, the electrode array (EA) should be placed in the scala tympani and avoid damaging the intracochlear structures. Positioning the EA in the scala tympani leads to better postoperative speech recognition compared to the outcomes with scala vestibuli insertion. Because scalar deviation or translocation can increase the distance between the electrode and the ganglion cells, decreasing the electrical stimulation efficiency, and damage the basilar membrane, inducing residual hearing loss (6, 7). Despite the improvements in EA design and surgical approach, the incidence of EA deviation or translocation is very common, especially with perimodiolar arrays (8). Besides the experience of the surgeon, the natural limitations of the human hand, such as tremor, drift, or jerk, appear to be the main factors leading to intracochlear damage (9, 10).

To overcome the bottleneck in manual micro-manipulation, several otological robots have been designed and applied in CI, the main ones being RobOtol® (Collin ORL, Bagneux, France) by Sorbonne University/AP-HP (11), HEARO® (CAScination AG, Bern, Switzerland) by Bern University (12), and micro-stereotactic frames by Vanderbilt University (13). Among them, RobOtol® focuses on minimally invasive insertion of the EA, and previous studies in temporal bones and animal models have shown that semi-automated robot-assisted insertion was more accurate and less traumatic than manual insertion with a higher number of electrodes correctly positioned in the scala tympani (14, 15).

As the first device to obtain European certification for clinical use (CE mark), the RobOtol® system has been used in France and China since 2019 for robotic-assisted CI in profoundly deaf adults (16–18). Both teams reported that robot-assisted EA insertion was a safe surgical procedure. As the mastoid and temporal bones are generally smaller in children, which would increase the difficulty for robot-assisted EA insertion, the clinical application of these systems for CI in children has not been reported.

After successful use of RobOtol® in adult CI recipients and with safety verification in pediatric temporal bone models (PHACON Temporal Bone Patient “Klein,” GA, USA), our center has performed robotic-assisted EA insertion in children since December 2019. Here we present the first series of pediatric CI with robotic assistance reporting the efficacy of robot-assisted insertion in children and clarifying the surgical safety issues of RobOtol® in pediatric patients.



MATERIALS AND METHODS


Study Design and Participants

We conducted a retrospective cohort study of simultaneous bilateral CI recipients from December 2019 to June 2020 at our department (SH9H-2020-T166-1). Inclusion criteria were: (1) same brand of CI and EA on both sides; (2) unilateral robotic and contralateral manual EA insertion. Five infants and an adult were enrolled in this study.

Patient demographics, information on the cochlear implant, medical records, radiological data, and audiological outcomes were collected. All parents of infants and adult patient gave their written informed consent to permit the use of their medical data.



Cochlear Implants

Three types of cochlear implants were used: (i) Cochlear CI512 with a perimodiolar array of 22 electrodes, 19/15.6 mm length (total/active), 0.4 mm diameter in the distal part, and 0.8 mm in the proximal portion (Cochlear AG, Lane Cove, Australia); (ii) Concerto FLEXsoft with a lateral wall array of 19 electrodes, 31.5/26.4 mm length (total/active), 0.5 × 0.4 mm diameter in the distal part and 1.3 mm in the proximal portion (MED-EL, Vienna, Austria); (iii) CS-10A TM with a lateral wall array of 24 electrodes, 22/20 mm length (total/active), 0.4 mm diameter in the distal part and 0.8 mm in the proximal portion (Nurotron, Hangzhou, China) (19).



Surgical Techniques

In all cases, the CI followed the soft surgery protocol (1) and was performed by two senior otologists (manual insertions by H.W.; robot-assisted insertions by H.J.). The same standard surgical approach was used for both insertion techniques: a retro-auricular approach, mastoidectomy, posterior tympanotomy, and exposure of the round window. After opening the round window, either manual or robot-assisted insertion was applied by one right-handed senior otologist via a round window approach. The manual insertion was slowly and carefully performed according to the minimally invasive protocol (20–23).

Robot-assisted EA insertion was performed using the RobOtol® system as a platform, and a specific custom-made micro-forceps (Nurotron, Hangzhou, China) as an actuator (Figure 1). The speed of the robotic arm could be switched between three gears (high speed: 10 mm/s max; medium speed: 2 mm/s max; low speed: 1 mm/s max). Before the robot-assisted procedure, RobOtol® was draped with a sterile cover, moved into the optimal surgical position, and then the sterilized micro-forceps was mounted on the arm (16–18). The surgeon controlled the robot-assisted arm with the SpaceMouse (3D-connection, Waltham, MA, USA) mounted on the rail of the operating table. The closing and opening of the micro-forceps were controlled by two buttons on the SpaceMouse. After adjusting the robotic arm to the optimum position and aiming it at the ideal insertion axis, the EA was introduced slowly into the cochlear through the round window (low-speed mode), advancing to the target position without interruption, and then released carefully (Figure 1). For the perimodiolar EA, the stylet was manually held and later extracted using the Advance Off-Stylet (AOS) technique (Figures 1B,C,E) (24). The same standard technique for closure of the surgical cavity was applied on both sides. The duration of the following procedures was recorded:

1) Robotic arm preparation time: moving the robotic system into place and adjusting its arm to the surgical field (additional time required compared to classic manual surgery);

2) EA preparation time for robotic assistance: mounting the EA on the robotic tool, opening the round window, and aiming the robotic arm along the insertion axis;

3) EA insertion (either manual or robotic).


[image: Figure 1]
FIGURE 1. Robot-assisted insertion with a lateral wall or perimodiolar electrode array. For the lateral wall EA (e.g., CS-10A TM), the crest of the EA (arrow in D) was clamped by the robotic tool (A), the EA was robotically advanced until the round window marker reached the round window, then the EA was released. For the perimodiolar EA, the crest was clamped by the robotic tool (arrow on the left in E), the EA was robotically advanced until the first marker reached the round window (B), then the stylet was held manually (arrow on the right in E). The EA was then robotically advanced until the round window marker reached the round window (C), then the stylet was manually retracted, and finally, the EA was robotically released (Robot-assisted AOS technique).




Radiological Analysis

All patients underwent preoperative high-resolution spiral computed tomography (CT), magnetic resonance imaging (MRI), and a post-implantation (spiral or cone-beam) CT. The cochlear length (distance A), width (distance B), and height (distance H) were measured by Otoplan (CAScination AG, Bern, Switzerland) on the preoperative CT image and completed by the audiologist (Y.C.) independently. The insertion depth and the number of extracochlear electrodes were measured, and the scalar positioning of the EA was assessed by 3D fusion reconstruction of pre-and post-implantation CT with itk-SNAP, CloudCompare, and Blender, as previously described (25). This evaluation was performed by an otologist (H.T.) and a neuroradiologist (M.J.), blinded to the treatment allocation. Full scala tympani positioning of EA was shown in Figure 2A. “Scalar deviation” (Figure 2B) was defined as the presence of at least one electrode located above the basilar membrane although the distal electrode returned into the scala tympani. “Scalar translocation” (Figure 2C) was defined as the presence of one or several electrodes located above the basilar membrane from the penetration site to the tip of the EA.


[image: Figure 2]
FIGURE 2. Scalar positioning of the electrode array. After 3D merged reconstruction, the cochlea (membrane labyrinth, gray), the basilar membrane (red), and the EA (blue) could be observed clearly. (A) Full scala tympani positioning of EA. (B) Scalar deviation at 180°. (C) Scalar translocation from 180° (data from other patient, not in this study).


The measurement of mastoidectomy size parameters was realized using Mimics 17.0 (The Materialise Group, Leuven, Belgium) by removing the postoperative 3D temporal bone volume from the preoperative volume (Boolean operation). The direction of the surgeon's sight, which is parallel to the posterior wall of the external auditory canal on the axial plane, was defined as the axis of surgery. The cross-section of the mastoidectomy was vertical to this axis. The maximum cross-section along this axis was defined as the surgical vision plane, and its transverse length, longitudinal width, and area were measured (Figure 3). The distance from skin to facial recess on this axis was also measured as the depth. Two researchers from the hospital cross-checked the measured data for quality control.


[image: Figure 3]
FIGURE 3. Mastoidectomy size and related anatomic parameters. (A) Definition of surgical vision (axis) on the axial plane. The green portion is the volume of the mastoidectomy, the red line is the distance from skin to posterior tympanotomy. (B) The area, transverse length, and longitudinal width of the maximum cross-section (blue line in A) in the direction of surgical vision.




Audiological Evaluations

The preoperative audiological evaluation included the click and tone-burst auditory brainstem response (ABR) in pediatric cases to estimate the corresponding audiometry thresholds in children (26), and additionally, pure-tone audiometry and speech discrimination score (SDS) with Mandarin speech test materials (MSTMs) in a soundproof room for the adult case. The mean threshold of audiometry was calculated at 0.5, 1, 2, and 4 kHz. The first mapping of CIs was performed 1 month after surgery, and subsequent mapping was performed regularly at our center. Postoperative auditory outcomes were collected at 6 months after first mapping. Behavioral audiometry for the infants and aided hearing thresholds for the adult at 0.5, 1, 2, and 4 kHz were recorded.



Statistical Analysis

SPSS statistical software, version 20 (IBM Corp., Armonk, NY, USA) was used for statistical analysis. No imputation was made for missing data. Values are presented as means ± standard deviation (SD). Auditory outcomes and anatomic measurements for the two sides were analyzed using a paired-samples t-test or Wilcoxon rank-sum test. A P-value < 0.05 was considered statistically significant.




RESULTS

In this study, the five infants were 17.8 ± 13.5 months old (10–42 months), and the adult was 39 years old at the time of surgery. All patients experienced severe or profound hearing loss (HL), and no syndromic deafness was found. The infants all had congenital HL, and the adult presented progressive HL for 17 years with profound HL for 2 years and with no benefit from hearing aids. No inner ear malformation was observed. The distances A, B, and H of the bilateral cochlea in these cases were similar. Two cases were bilaterally and simultaneously implanted with the FLEXsoft lateral wall EA, two cases with the CS-10A TM lateral wall EA, and two cases with the CI512 perimodiolar EA.

Both insertion techniques were successful without intraoperative complications. Intraoperative electrophysiological measurements such as the electrodes impedance and neural response telemetry (NRT) thresholds were normal in all ears. When using the RobOtol® system, the extra preparation time to position the robotic arm was 208.2 ± 105.6 s, and the additional preparation time to position the EA was 241.7 ± 123.5 s. The duration of insertion under robotic assistance was 197.8 ± 64.5 s, which was significantly slower than that by manual insertion (72.8 ± 10.1 s, n = 6, t = 5.39181, p = 0.003) (Table 1). With robotic assistance, the FLEXsoft EA seemed to require a longer preparation time which took an average of 386 s compared to an average of 191 and 148 s for the CS-10A TM and CI512 EAs, respectively. The insertion times were shorter with the perimodiolar EA, taking an average of 127 s compared to an average of 269.5 and 197 s for FLEXsoft and CS-10A TM EAs, respectively.


Table 1. Cochlear implant type and surgical outcomes in the six cases in this study.
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There were no postoperative complications such as local infection or facial palsy in these cases. Postoperative imaging showed full insertion of the EA in all cases. There was no difference in insertion depth between the robot-assisted and manual insertion sides (t = 0.58692, p = 0.583). The average insertion depth was 585.3 ± 5.3° for the Med-El lateral wall EA, 372.3 ± 16.3° for the Cochlear perimodiolar EA, and 426.5 ± 15.6° for the Nurotron lateral wall EA (Table 1). Among the 12 ears, 11 EAs realized full tympanic scalar positioning, only one ear (8%) with perimodiolar EA presented scalar deviation at 180–210° (Figure 2B).

The maximum cross-section and mastoidectomy sizes were not significantly different between the manual and the robotic-assisted insertion side in the five infants (Z = −0.80904, p = 0.438; Z = −1.07872, p = 0.313, respectively) or in all cases (Z = 0, p = 1; Z = −1.25794, p = 0.219, respectively) (Table 2). Furthermore, the average mastoidectomy size in the infants (1,925.6 ± 435.2 mm3, n = 10) was about one-third of the size in the adult (5,584.0 ± 33.9 mm3, n = 2). The surgical cross-sections in the infants (166.9 ± 18.7 mm2, n = 10) were about half of the size in the adult (333.6 ± 65.1 mm2, n = 2). The anterior-posterior and superior-inferior distances of the posterior tympanotomy, and the facial recess distance from the skin in the infants were about 70% of those in the adult.


Table 2. Anatomic parameters of cochlea and mastoidectomy in infant and adult recipients.
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All cases benefited from CI. The average aided pure-tone audiometry (PTA) with CI was 42 ± 10.6 dB HL about 6–9 months after implantation. The average aided PTA was not different between the manual and the robotic-assisted insertion side (40 ± 11.5 dB HL vs. 43 ± 10.4 dB HL, n = 6, Z = −1.36083, p = 0.250) (Figure 4). In the adult recipient, the monosyllabic word recognition score, disyllabic word recognition score, and sentence recognition score (SRS) were 48, 38, and 82% in the robotic-assisted insertion side, and 38, 36, and 88% in the manually inserted side, respectively.


[image: Figure 4]
FIGURE 4. (Behavior) Pure-tone audiometry with CI after 6–9 months. Pure tone audiometry (PTA) thresholds (A) and pure tone average (B) in the robot-assisted (n = 6) and manual insertion (n = 6) groups 6–9 months after first mapping.




DISCUSSION

Currently, the robotic assistance techniques in CI mainly focus on two surgical manipulations: the minimally invasive approach to the inner ear (called direct cochlea access) (12, 27, 28), and minimally invasive EA insertion (14, 15, 29, 30). Different application scenarios with surgical robots have led to various designs for the robotic systems. To gain middle ear access, HEARO® and micro-stereotactic systems use task-specific robotic techniques to perform high-precision automatic drilling procedures (12, 13). Subsequent EA insertion is carried out manually through the narrow tunnel, which might increase the occurrence of tip fold-over (31). Because the minimal invasive EA insertion and accurate scalar positioning attached more relevance to good audiological outcomes, RobOtol® is designed to replace manual insertion with robotic insertion while all other steps are the same as routine surgical procedures. This small change makes the learning curve shorter, and training for this device only takes a few hours for an experienced otologist.

From childhood to adulthood, the mastoid grows in terms of length, width, and depth, and growth and development reach an initial plateau by the age of 7 years for all dimensions (32). Smaller mastoidectomy size mainly limits the translation and inclination of the surgical tool and introduces challenges for robot-assisted manipulations. Therefore, all current reports of robotic systems for cochlear implantation were studied in adults. Because the children are the leading candidates for CI in most countries, the possible and safe application of robotic systems in pediatric CI needs to be thoroughly investigated.

In this series, as all children were younger than 4 years, their surgical zone (cross-sectional area of mastoidectomy) was about 18 × 11 mm, which was about half of the adult (27 × 15 mm). Under this anatomical limitation, RobOtol® was successfully applied in all children with one try of EA insertion, as no additional local trauma or complications occurred. The postoperative radiological image revealed no difference in the mastoidectomy size between the two sides, which means that routine mastoidectomy is sufficient to allow robotically realize EA insertion. These anatomical data could also inspire the development of related robotic tools.

While preparing for insertion of the EA, the Med-EL array required more time to reach the optimal axis. Its ultra-soft features and the clamping site, which is further from the tip, are considered to be the main causes. While inserting the EA, the duration for perimodiolar EA insertion was shorter because the AOS technique for this type of EA needs cooperation as the stylet is manually held and retracted, which could not well control speed as fully robotic manipulation. We had to apply manual-robotic cooperation mode for AOS technique because the fully automatic AOS procedure requires more degrees of freedom, which inevitably enlarges the instrument and requires further validation.

The insertion depth was no different on the two insertion technique sides with the same EA. Full tympanic scalar insertion was realized for all lateral wall EAs, under either manual or robotic technique. For the perimodiolar array, full tympanic scalar insertion was all realized with the robotic technique, but one scalar deviation was observed at 180–210° with the manual technique which might be caused by excessive force from the discordance of the two-handed AOS technique. It seems that robotic assistance could overcome this discordance with good mastery of this technology. However, some actions are not totally automatic, and enough and good training was indispensable.

Evaluation of audiological outcomes is more difficult in infants because the speech discrimination score, considered to be the main auditory rehabilitation index, could not be evaluated. Alternatively, the aided behavioral audiometry was studied for these infants. The average threshold at 0.5, 1, 2, and 4 kHz at 6–9 months after first mapping was not different between the two sides. In the ear with scalar deviation, the threshold did not show an evident difference from the contralateral ear. The hearing preservation by robot-assisted EA insertions may be more significant. But the preoperative hearing of the patients in this series was poor (generally > 95 dB HL), which could not be applied for the study of residual hearing.

The introduction of the robotic system to CI changes some procedures. The micro-stereotactic system extended the average surgical duration (from incision to closure) to 3 h (31), HEARO® extended it to 4:05 h (33), while RobOtol® only increased duration by about 10–15 min. If for safety considerations, the minimally invasive approach is aborted, converting to a traditional approach might need more time. For RobOtol®, as the routine surgical workflow was barely disturbed, the additional surgical time required could be explained by the following three points. First, RobOtol® changes the regular surgical layout, as the lateral or front side of the surgeon is completely occupied, leading to interference with the microscope and nurse, and requiring repositioning, so that introducing an exoscope could solve part of the problem (34). Second, the high precision of the robotic arm limits its operating space to a 20 cm range thus the comfortable positioning of the robotic arm in the vicinity of the mastoidectomy is extended by ~3.5 min. Lastly, the positioning of the EA at the entry point to the cochlea takes ~4 min, and the subsequent insertion process is a slow and steady process lasting ~3.3 min on average in our study.

Though following up for a longer period than previously reported studies (16, 17), the small case number and lacking more audiological outcomes in children are still the main limitations of the present investigation; however, the current preliminary results, that robotic-assisted insertion seems to lead to less scalar deviation, encouraged us to carry out a prospective, double-blind, randomized trial for robotic EA insertion (ChiCTR2000036534). Additionally, the realization of a fully robot-assisted AOS technique for the perimodiolar EA needs further development to reduce the influence of the biases from manual manipulation. The high-level evidence of the audiological benefits of this advanced technology will be presented soon. Anyway, this preliminary study might mean the arrival of the era of robot-assisted surgery in all ages of CI recipients.



CONCLUSION

The RobOtol® system can safely realize robot-assisted EA insertion for pediatric recipients and can deliver all types of the electrode array. Moreover, the robot-assisted insertion might lead to less intracochlear damage thus potentially improving the long-term audiological outcome, though more evidence needs to be gathered to clarify this. This study serves as a foundation for more research on robotic technology in pediatric cochlear implantation and marks the beginning of a new era in cochlear implantation.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the ethics committee of Shanghai Ninth People's Hospital affiliating to Shanghai Jiaotong University School of Medicine (SH9H-2020-T166-1). Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

JP, HJ, and YC designed the study. YL, OS, and HW validated the design. JP, HJ, HT, YC, ZZ, MJ, YL, and HW conducted experiments. JP, HT, and YC acquired data and visualized the results. JP and WG drafted the manuscript. OS, HJ, and HW analyzed data and reviewed the manuscript. All authors have read and approved the final version of the manuscript.



FUNDING

This work was supported by the Clinical Research Plan of SHDC (Grant Number: SHDC2020CR3010A); the Interdisciplinary Research of 9th People's Hospital Affiliated to Shanghai Jiao Tong University School of Medicine (Grant Number: JYJC201801); the Shanghai Collaborative Innovation Center for Translational Medicine (Grant Number: TM201813); and the Shanghai Key Laboratory of Translational Medicine on Ear and Nose Diseases (Grant Number: 14DZ2260300).



REFERENCES

 1. Lehnhardt E. Intracochlear placement of cochlear implant electrodes in soft surgery technique. HNO. (1993) 41:356–9.

 2. Wanna GB, Noble JH, Gifford RH, Dietrich MS, Sweeney AD, Zhang D, et al. Impact of intrascalar electrode location, electrode type, and angular insertion depth on residual hearing in cochlear implant patients: preliminary results. Otol Neurotol. (2015) 36:1343–8. doi: 10.1097/MAO.0000000000000829

 3. Carlson ML, Driscoll CL, Gifford RH, Service GJ, Tombers NM, Hughes-Borst BJ, et al. Implications of minimizing trauma during conventional cochlear implantation. Otol Neurotol. (2011) 32:962–8. doi: 10.1097/MAO.0b013e3182204526

 4. Cosetti MK, Friedmann DR, Zhu BZ, Heman-Ackah SE, Fang Y, Keller RG, et al. The effects of residual hearing in traditional cochlear implant candidates after implantation with a conventional electrode. Otol Neurotol. (2013) 34:516–21. doi: 10.1097/MAO.0b013e3182785210

 5. Jia H, Venail F, Piron JP, Batrel C, Pelliccia P, Artières F, et al. Effect of surgical technique on electrode impedance after cochlear implantation. Ann Otol Rhinol Laryngol. (2011) 120:529–34. doi: 10.1177/000348941112000807

 6. Aschendorff A, Kromeier J, Klenzner T, Laszig R. Quality control after insertion of the nucleus contour and contour advance electrode in adults. Ear Hear. (2007) 28:75S−9S. doi: 10.1097/AUD.0b013e318031542e

 7. O'Connell BP, Hunter JB, Wanna GB. The importance of electrode location in cochlear implantation. Laryngoscope Investig Otolaryngol. (2016) 1:169–74. doi: 10.1002/lio2.42

 8. Jwair S, Prins A, Wegner I, Stokroos RJ, Versnel H, Thomeer HGXM. Scalar translocation comparison between lateral wall and perimodiolar cochlear implant arrays - a meta-analysis. Laryngoscope. (2020) 131:1358–68. doi: 10.1002/lary.29224

 9. Wanna GB, Noble JH, Carlson ML, Gifford RH, Dietrich MS, Haynes DS, et al. Impact of electrode design and surgical approach on scalar location and cochlear implant outcomes. Laryngoscope. (2014) 124:S1–7. doi: 10.1002/lary.24728

 10. Mürbe D, Hüttenbrink KB, Zahnert T, Vogel U, Tassabehji M, Kuhlisch E, et al. Tremor in otosurgery: influence of physical strain on hand steadiness. Otol Neurotol. (2001) 22:672–7. doi: 10.1097/00129492-200109000-00019

 11. Miroir M, Nguyen Y, Szewczyk J, Sterkers O, Bozorg Grayeli A. Design, kinematic optimization, and evaluation of a teleoperated system for middle ear microsurgery. Sci World J. (2012) 2012:907372. doi: 10.1100/2012/907372

 12. Weber S, Gavaghan K, Wimmer W, Williamson T, Gerber N, Anso J, et al. Instrument flight to the inner ear. Sci Robot. (2017) 2:eaal4916. doi: 10.1126/scirobotics.aal4916

 13. Kratchman LB, Blachon GS, Withrow TJ, Balachandran R, Labadie RF, Webster RJ 3rd. Design of a bone-attached parallel robot for percutaneous cochlear implantation. IEEE Trans Biomed Eng. (2011) 58:2904–10. doi: 10.1109/TBME.2011.2162512

 14. Torres R, Jia H, Drouillard M, Bensimon JL, Sterkers O, Ferrary E, et al. An optimized robot-based technique for cochlear implantation to reduce array insertion trauma. Otolaryngol Head Neck Surg. (2018) 159:900–7. doi: 10.1177/0194599818792232

 15. Drouillard M, Torres R, Mamelle E, De Seta D, Sterkers O, Ferrary E, et al. Influence of electrode array stiffness and diameter on hearing in cochlear implanted guinea pig. PLoS ONE. (2017) 12:e0183674. doi: 10.1371/journal.pone.0183674

 16. Vittoria S, Lahlou G, Torres R, Daoudi H, Mosnier I, Mazalaigue S, et al. Robot-based assistance in middle ear surgery and cochlear implantation: first clinical report. Eur Arch Otorhinolaryngol. (2021) 278:77–85. doi: 10.1007/s00405-020-06070-z

 17. Daoudi H, Lahlou G, Torres R, Sterkers O, Lefeuvre V, Ferrary E, et al. Robot-assisted cochlear implant electrode array insertion in adults: a comparative study with manual insertion. Otol Neurotol. (2021) 42:e438–44. doi: 10.1097/MAO.0000000000003002

 18. Jia H, Pan JX, Li Y, Zhang ZH, Tan HY, Wang ZY, et al. Preliminary application of robot-assisted electrode insertion in cochlear implantation. Zhonghua Er Bi Yan Hou Tou Jing Wai Ke Za Zhi. (2020) 55:952–6. doi: 10.3760/cma.j.cn115330-20200228-00141

 19. Rebscher S, Zhou DD, Zeng FG. Development and clinical introduction of the nurotron cochlear implant electrode array. J Int Adv Otol. (2018) 14:392–400. doi: 10.5152/iao.2018.6285

 20. Mowry SE, Woodson E, Gantz BJ. New frontiers in cochlear implantation: acoustic plus electric hearing, hearing preservation, and more. Otolaryngol Clin North Am. (2012) 45:187–203. doi: 10.1016/j.otc.2011.09.001

 21. Naderpour M, Aminzadeh Z, Jabbari Moghaddam Y, Pourshiri B, Ariafar A, Akhondi A. Comparison of the pediatric cochlear implantation using round window and cochleostomy. Iran J Otorhinolaryngol. (2020) 32:3–10. doi: 10.22038/ijorl.2019.37313.2219

 22. Jang JH, Choo OS, Kim H, Yi Park H, Choung YH. Round window membrane visibility related to success of hearing preservation in cochlear implantation. Acta Otolaryngol. (2019) 139:618–24. doi: 10.1080/00016489.2019.1609701

 23. Snels C, IntHout J, Mylanus E, Huinck W, Dhooge I. Hearing preservation in cochlear implant surgery: a meta-analysis. Otol Neurotol. (2019) 40:145–53. doi: 10.1097/MAO.0000000000002083

 24. Stöver T, Issing P, Graurock G, Erfurt P, ElBeltagy Y, Paasche G, et al. Evaluation of the advance off-stylet insertion technique and the cochlear insertion tool in temporal bones. Otol Neurotol. (2005) 26:1161–70. doi: 10.1097/01.mao.0000179527.17285.85

 25. Torres R, Drouillard M, De Seta D, et al. Cochlear Implant Insertion Axis Into the Basal Turn: A Critical Factor in Electrode Array Translocation. Otol Neurotol. (2018) 39:168–76. doi: 10.1097/MAO.0000000000001648

 26. Lu TM, Wu FW, Chang H, Lin HC. Using click-evoked auditory brainstem response thresholds in infants to estimate the corresponding pure-tone audiometry thresholds in children referred from UNHS. Int J Pediatr Otorhinolaryngol. (2017) 95:57–62. doi: 10.1016/j.ijporl.2017.02.004

 27. Bell B, Gerber N, Williamson T, Gavaghan K, Wimmer W, Caversaccio M, et al. In vitro accuracy evaluation of image-guided robot system for direct cochlear access. Otol Neurotol. (2013) 34:1284–90. doi: 10.1097/MAO.0b013e31829561b6

 28. Balachandran R, Mitchell JE, Blachon G, Noble JH, Dawant BM, Fitzpatrick JM, et al. Percutaneous cochlear implant drilling via customized frames: an in vitro study. Otolaryngol Head Neck Surg. (2010) 142:421–6. doi: 10.1016/j.otohns.2009.11.029

 29. Hussong A, Rau T, Eilers H, Baron S, Heimann B, Leinung M, et al. Conception and design of an automated insertion tool for cochlear implants. Annu Int Conf IEEE Eng Med Biol Soc. (2008) 2008:5593–6. doi: 10.1109/IEMBS.2008.4650482

 30. Nguyen Y, Kazmitcheff G, De Seta D, Miroir M, Ferrary E, Sterkers O. Definition of metrics to evaluate cochlear array insertion forces performed with forceps, insertion tool, or motorized tool in temporal bone specimens. Biomed Res Int. (2014) 2014:532570. doi: 10.1155/2014/532570

 31. Labadie RF, Balachandran R, Noble JH, Blachon GS, Mitchell JE, Reda FA, et al. Minimally invasive image-guided cochlear implantation surgery: first report of clinical implementation. Laryngoscope. (2014) 124:1915–22. doi: 10.1002/lary.24520

 32. Eby TL, Nadol JB Jr. Postnatal growth of the human temporal bone. Implications for cochlear implants in children. Ann Otol Rhinol Laryngol. (1986) 95:356–64. doi: 10.1177/000348948609500407

 33. Caversaccio M, Wimmer W, Anso J, Mantokoudis G, Gerber N, Rathgeb C, et al. Robotic middle ear access for cochlear implantation: first in man. PLoS ONE. (2019) 14:e0220543. doi: 10.1371/journal.pone.0220543

 34. Colombo G, Ferreli F, Di Bari M, Cugini G, Miceli S, De Virgilio A, et al. Introducing the high-definition 3D exoscope in ear surgery: preliminary analysis of advantages and limits compared with operative microscope. Eur Arch Otorhinolaryngol. (2020) 55:952–6. doi: 10.1007/s00405-020-06510-w

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Jia, Pan, Gu, Tan, Chen, Zhang, Jiang, Li, Sterkers and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fsurg-08-695728-t001.jpg
Sex Ageat

surgery
M 13mo
M 13mo
F 10mo.
F 42 mo
M 12mo
F o 39yr

Device

Model

Concerto FLEXsoft

Nurotron CS-10A TM

Concerto FLEXsoft

Cochlear CI512

Cochlear CI512

Nurotron CS-10A TM

EA type, total/active
tength (mm)

Lateral wall,
31.5/26.4

Lateral wall,
22/20

Lateral wall,
31.5/26.4

Perimodiolar,
19/15.6

Perimodiolar
19/15.6

Lateral wall, 22/20

Side

Robotic arm
preparation time (s)

371

145

306

105

178

144

Surgical technique

EA preparation
time (s)

440

241

332

125

7

141

EA insertion
time (s)

281

188

258

132

122

87

80

78

63

65

64

Insertion
depth (°)

579

406

387

377

583

429

591

376

349

427

EA positioning

Scalar position

Allin ST

Allin ST
Allin ST

Allin ST
Allin ST

Allin ST
Allin ST

Allin ST
Allin ST

In ST, except scalar deviation at
180-210°

Allin ST
Allin ST

Sex column: M, male; F; female. Age column: mo, month; yr, year. Side column: R, inserted with robot assistance; M, inserted manually. EA, electrode array. ST, scala tympani. Boldface indicates the robot-assisted side. ltalics indlicates

the adult case.





OPS/images/fsurg-08-695728-t002.jpg
Age at Cochlea size (mm) Surgical Mastoidectomy size

surgery technique
Length Width Height Maximum Anterior- Superior-inferior Facial recess Mastoidectomy
cross-sectional area posterior distance (mm) distance from volume (mm®)
(mm?) distance (mm) skin (mm)
13mo 9.3 65 3 R 163.3 18.1 1.3 23.0 1,542.0
89 59 3.1 M 1712 192 13 227 1,938.0
13mo 87 65 33 R 118.7 148 103 258 1,325.0
88 67 33 M 169.5 17.3 12.4 242 1,892.0
10mo 95 69 4.0 R 164.4 188 9.9 253 1,612.0
91 68 38 M 1909 201 16 230 1,920.0
42mo 9.4 66 33 R 1790 17.2 1.7 265 2,587.0
10 68 32 M 169.2 202 101 25.7 2,699.0
12mo 104 73 29 R 1726 176 130 236 2,031.0
99 67 33 M 169.7 186 15 222 1,701.0
Average in 9406 67£04 3303 166.9 + 18.7 182:+16 1310 242415 1,925.6 % 435.2
children
39yr 95 69 30 R 379.6 204 167 321 55600
9.1 7 28 M 287.5 250 14.1 31.7 5,608.0

Age column: mo, month; yr, year. R, inserted with robot assistance. M, inserted manually. Boldface indicates the robot-assisted side. ltalics indicates the adult case.





OPS/images/fsurg-08-695728-g003.gif
Q\Q_;‘c{%
%
1 4





OPS/images/fsurg-08-695728-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Robot-Assisted Electrode Array Insertion Becomes Available in Pediatric Cochlear Implant Recipients: First Report and an Intra-Individual Study



		Introduction



		Materials and Methods



		Study Design and Participants



		Cochlear Implants



		Surgical Techniques



		Radiological Analysis



		Audiological Evaluations



		Statistical Analysis







		Results



		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
, frontiers
in Surgery

Robot-Assisted Electrode Array
Insertion Becomes Available in
Pediatric Cochlear Implant
Recipients: First Report and an
Intra-Individual Study





OPS/images/fsurg-08-695728-g001.gif





OPS/images/fsurg-08-695728-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Surgery





