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Abstract


Background: There is evidence that the cochlear volume may influence audiometric thresholds and CI electrodes’ impedance. The aim of the present study was to evaluate the impedance changes over time and correlate them to the residual volume of the cochlea. Methods: An MRI scan was performed via 3-D reconstruction before every surgery to obtain a residual volume for each ear. We performed repeated assessments of electrode impedance, both intra-operatively and post-implant, at the following intervals: 3 months, 6 months, and one year. The same type of perimodiolar array was implanted for each. Results: Thirty-four patients (10 (29.41%) male patients and 24 (70.59%) female patients) were evaluated. Patients received the implants between 2008 and 2017. The mean age of implantation was 13 ± 17.17 years, and the average of hearing thresholds improved after one year of the surgery. The mean cochlear volumes of the implanted ears were 68.16 ± 10.74 mm3 (right ear) and 56.54 ± 13.75 mm3 (left ear). We observed an increase in the basal electrodes’ impedance at the 3rd month. Yet, for the apical electrodes’ impedance, there was a decrease in averaged values. Conclusions: Post-operative impedance measurements were increased when compared to the intraoperatively measured basal values. Newly formed connective tissue is thought to be the cause of the higher impedance values.
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1. Introduction


Cochlear implants (CI) are helpful tools to restore the hearing of people with severe to profound hearing loss by means of intra-cochlear stimulation of the remaining neuronal cells. Since their introduction in the 1970s, they have become devices with increasing technological refinements [1,2]. The progressive knowledge from the scientific community and manufacturers regarding the practical mechanisms of the ear have clarified many unknown aspects of the functional cochlea [3,4].



The sequential process from sound acquisition to its transformation in the auditory cortex relies on the cochlea–electrode interface [1]. Changes in the adjacent electrode structures or in the composition of the perilymph may alter the impedance values [5]. Previous histological studies have demonstrated profound cochlear changes due to injury to the cochlear lateral wall among implanted ears in terms of fibrous tissue, new bone formation, loss of cochlear hair cells, and damage to the stria vascularis and spiral ligament [6,7].



Impedance represents the electrical resistance of CI electrodes, and is considered as the ratio between electrical voltage and current intensity [6,7,8]. Many factors may influence impedance values, such as the electrode surface, the presence of connective tissue around the electrode, and the position of the electrode contact on the electrode array [8]. In general, impedance values reflect a device’s integrity and its surrounding space [8,9,10]. There is a correlation between the degree of connective tissue around the CI electrode and impedance [9].



It has already been described that gross bony changes to the cochlea can be seen either by high resolution computed tomography or T2 weighted magnetic resonance imaging (MRI) of the temporal bone [11,12,13]. MRI is well suited to detecting different stages of fibrosis or new bone formation at early stages, while extensive osteoneogenesis within the cochlea impedes electrode insertion [14]. The influence of cochlear diameter has also been described [15]. Escudé et al. observed that larger-sized cochlea influenced the final insertion depth angles of the CI electrodes [15]. Takahashi et al. observed that larger cochlear volume was associated with residual hearing preservation after conventional CI surgery [16]. The rationale behind these findings was that a larger cochlear diameter, and, consequently, the larger cochlear volume, would provide more space for the electrodes to fit, thus reducing trauma during insertion. Cochlear length and diameter may vary and induce heterogeneity in cochlear coverage in a population implanted with the same array [17].



Our choice to record impedance changes over time was motivated by the following: impedance is an objective measurement tool providing information about the electrodes’ integrity in addition to estimating the energy consumption of the cochlear implant [8,9,10]. There are several studies on electrode impedance changes over time in children [18,19,20,21,22,23]. The elevation of thresholds, comfortable levels, and dynamic range were seen during the first six months, but thereafter, levels stabilized. [21] Electrode impedance values decreased from implantation to the first month, then stabilized as well. [21] It has also been observed that fibrosis and new bone formation, which might occur up to one year after surgery (leading to a reduced cochlear volume), is negatively correlated with postoperative word recognition. [24] Most of these studies evaluated patients with a short follow-up period [8,23,25], while Cheng et al. described similar impedance values and sentence perception tests after 12 months of surgery, regardless of whether a round window or cochleostomy approach was used [26]. The differences in the results might be related to different approaches to electrode insertion (round window approach versus cochleostomy).



The objective of our study, in addition to the previous studies, was to evaluate the impedance variations over time in patients implanted with a cochlear implant system with a longer follow-up of one year, and to correlate impedance values with the residual cochlear volume.




2. Materials and Methods


2.1. Magnetic Resonance Imaging


MRI was carried out with a 1.5-T unit (Infinion; Philips Medical Systems, Cleveland, OH, USA) using a standard head coil. Cranial MRI images focusing on inner-ear structures were routinely obtained according to the previous literature [3]. Images were evaluated for the presence of any gross configurational abnormalities by a radiologist. The images were obtained only once prior to the surgery.



The fluid volume of the cochlea was calculated with the help of an online workstation using an available software system (3D Slicer, version 4.8.0) by two experienced radiologists, so it would be possible to avoid potential measurement errors. Area calculation of each slice was performed by simply drawing the borders of the cochlear structures in the module “Editor” with the “level tracing effect” tool (Figure 1). These area measurements were used to calculate the volume of the cochlea for each ear. Quantifications of all volumes that were obtained were made in the module “Label statistics”. The averaged measurements were used for further calculations.



The inner ear fluid volumes were calculated. The 3D reconstruction was performed once before the surgery, and side-related differences were evaluated. The residual volume for the implanted ear was considered for statistical analysis and correlations.




2.2. Audiometric Assessment


We performed repeated assessments, both intra-operatively (t0) and post-implant, at the following intervals: 3 months (t3), 6 months (t6), and one year (t12). All subjects were good CI users.



The same perimodiolar array was implanted (Cochlear™ Nucleus® Freedom Implant Contour Advance (CI24RE-CA)). The same surgical technique (cochleostomy), with progressive introduction of the array and using the recommended precautions of soft surgery and topical steroids (betamethasone) over the cochleostomy site before cochlear insertion, was applied [27,28,29,30]. All surgeries included in this study were performed by one experienced surgeon. Our group implanted 435 patients between 2008 and 2017.



We excluded those patients with incomplete electrode array insertion or cochlear malformations. We also excluded any patient with a history of meningitis and patients with ossified cochlea (after CT scan imaging), as well as cases with bilateral implants. The contralateral ears of patients with bilateral CI surgery were excluded because they were part of another research protocol that did not include the soft surgery technique for electrode insertion.



All processors were fitted with consistent parameters using the ACE strategy, with the same default fitting parameters for the stimulation rate. During every session, the electrical impedances, in kΩ, for each electrode were recorded. Average values were calculated for the impedances measured in “common-ground” (CG) mode and in monopolar (MP1+2) mode, as described by Leone et al. [1]. This monopolar stimulation is used as the default in clinical conditions by the ACE strategy.



Mean values were evaluated for electrode array segments as follows: basal (from No. 1 to 7); middle (from No. 8 to 14); and apical (from No. 15 to 22).




2.3. Statistical Analysis


Statistical analysis of the data was performed using SigmaPlot Version 14.0 (Systat Software, Inc, San Jose, CA, USA). For all tests, a p value lower than 0.05 was considered significant. The results of the qualitative variables are presented as frequency and proportions and of the quantitative variables by mean and standard deviation (mean ± SD). Correlation between two categorical variables was analyzed using Pearson’s correlation test. A one-way ANOVA was performed to compare the effect of residual cochlear volume on electrode impedance over time.





3. Results


3.1. Analysis of Demographic Data


Thirty-four patients who had been implanted at our department were evaluated (Table 1). The patients were implanted between 2008 and 2017. All patients had their etiology of deafness classified as idiopathic, with no malformation of the inner ear, and no fibrous tissue or ossification was found in their CT scans.



We included 10 (29.41%) male patients and 24 (70.59%) female patients. The mean age of implantation was 13 ± 17.17 years. The mean time from implantation to activation was 37.20 ± 8.86 days. We included 8 (23.53%) patients with post-lingual hearing loss and 26 (76.47%) patients with pre-lingual hearing loss. Twenty-one (61.76%) patients were implanted on the left ear and 13 (38.24%) patients were implanted on the right ear.



The average hearing threshold of the right ear was 110.69 ± 7.95 dBHL, and 112.95 ± 7.13 dBHL for the left ear (unaided ear; p = 0.801). The average hearing threshold of the right ear after one year of the CI surgery was 34.55 ± 12.37 dBHL, and 30.45 ± 5.98 dBHL for the left implanted ear (p = 0.101) (Figure 2).




3.2. Magnetic Resonance Imaging


The mean cochlear volume of the implanted ear, after 3D reconstruction, was 68.16 ± 10.74 mm3 (for the right ear) and 56.54 ± 13.75 mm3 (for the left ear; p < 0.01).




3.3. Segregated Analysis for Apical, Medial, and Basal Electrodes over Time


We conducted a statistical analysis for each cochlear region by differentiating electrodes into their basal, middle, and apical segments (Figure 3 and Figure 4). According to our results, there was a tenuous increase in the basal electrodes’ impedance from t0 to t3 (p > 0.05). We also observed a decreased impedance of the middle electrodes from t0 to t3, except for MP1+2 mode on the right ear, for which we observed an increased impedance value (from t0 to t3). Yet, for the apical electrodes’ impedance, there was a decrease in the averaged values from t0 to t3, although it was significant only in CG mode for the left ear (p = 0.03). Interestingly, the electrodes’ impedance of the apical portion decreased from t0 to every other moment of analysis, for both ears and for both modes (CG and MP1+2), and it was significantly reduced from t0 to t6 and t12.




3.4. Impedance in Relation to Cochlear Volume


The Pearson correlation and the corresponding p value are displayed in relation to each other in Table 2 and Table 3. Impedance values over time were strongly correlated between CG and MP1+2; thus, the averaged impedance could allow us to limit the number of correlation attempts. We conducted a statistical analysis for each cochlear region by differentiating electrodes into their basal, middle, and apical segments. The results presented for the corresponding array segments showed that the absolute values of the basal impedances were much higher at most of the measurement times. A one-way ANOVA revealed that there was a statistically significant difference in the impedance of the basal electrode segment over time for CG (F (2.474, 81.66) = 283.9, p < 0.0001) and MP1+2 (F (1.052, 34.71) = 8.993, p = 0.0045). There was also a significant difference in the impedance values of the middle segment electrodes for both CG and MP1+2 (F (1.067, 34.98) = 4.578, p = 0.0372) and (F (2.117, 69.41) = 113.2, p < 0.0001). Similarly, there was a significant difference in the apical electrode segment impedances over time in both stimulation modes (CG, (F (2.464, 81.16) = 297.2, p < 0.0001; MP1+2, (F (3.304, 108.8) = 215.4, p < 0.0001).





4. Discussion


Complete patency of the cochlea is of paramount importance for the surgical insertion of an electrode array [2]. If complete insertion of the electrodes is achieved, less current is needed [31,32]. More demanding energy consumption may be necessary if the route of insertion is somehow obstructed by osteogenesis progressing to labyrinthitis ossificans [14]. Therefore, radiological imaging is mandatory, and can assist the surgeon in deciding whether the cochlea is suitable for cochlear implantation or not. From the CT scans of the thirty-four patients implanted at our department, none presented signs of new bone formation within the cochlea. Even though no ossification was seen among the CT scans, we observed significant differences in the residual cochlear volume between the right and left side (p < 0.01).



It is expected for impedance values to decrease over time in general (across all the cochlear segments) [1,8,25]. The evaluation of our impedance data, however, shows an increasing impedance value from t0 to t3 (at the basal segment—where the maximum values are recorded at t3 (3 months after CI surgery)), followed by a decrease after activation of the sound processor. Interestingly, the impedance values obtained at the middle and apical segments of the electrode array showed decreased values along the time after CI surgery. An increase in the impedances was observed during the first three months of CI use. The variation in global impedance significantly changed after CI surgery for both CG and MP1+2 (Figure 3 and Figure 4). It has been described in the literature that the first post-operative measurements may show an increase in impedance in comparison with the intraoperatively measured “basal values” [22,23,33,34,35]. Our data, however, showed lower impedance values at the apical segment for every assessment after CI surgery (at t3, t6, and t12). Henkin et al. found no differences between impedances among cochlear segments; however, they assessed lateral wall implants, while we considered perimodiolar array implants only [21]. Molisz et al. also found decreased impedance values at the middle and apical electrodes in the first semester after surgery, and stabilization in the later course [36]. They observed increased impedance values of basal electrodes (higher than the middle and apical impedances), similar to our results. It is hypothesized that the surgical trauma due to the cochleostomy leads to destructive changes to the lateral wall, spiral ligament, and stria vascularis, as well as damage to the lamina spiralis, basilar membrane, or modiolus [7]. The connective tissue that arises around the electrode during the first days after surgery is presumed to be the cause of higher impedance values [37,38].



Perimodiolar electrode positioning reduces the extent of the electrical field, decreasing stimulation levels and extending the dynamic range, thereby allowing for the maximum amount of stimulus to the auditory nerve [18,39,40]. We hypothesize that fibrosis and new connective tissue could be responsible for the changes we observed in the impedance’s measurements.



The same cochleostomy approach and the same device from Cochlear™ were applied. The resultant high impedances in basal electrodes could be related to this traumatic technique. On the other hand, a previous histological study showed no differences in the amount of fibrosis, new-bone formation, or residual sensorineural cells with round window insertion compared to cochleostomy insertions [7]. Additionally, Nadol and Eddington reported that 57% of the temporal bones obtained from CI patients with an inflammatory cellular response were much more evident proximal to the cochleostomy site [41]. Other pathological processes may also be related to high impedance values, such as connective tissue on the surface of the electrode. It is also suggested that labyrinthitis after CI surgery and neurodegeneration may play a role in higher impedance values [2,42].



We also observed a positive correlation between the residual cochlear volume and impedance values for both the CG and MP1+2 modes. The significant correlations were seen in t3, t6, and t12 in basal electrodes on both sides. Interestingly, there was also a significant correlation between the middle and apical electrodes on both sides at the sixth month after CI surgery. It is suggested that the electrode–modiolus distance affects the spread of electric stimulation inside the cochlea [43]. The medial array positioning is associated with lower stimulation currents, but also with lower psychophysical thresholds and comfortable levels [44].



Contour arrays are designed to reduce the distance between the electrodes and the nerve endings and to maximize the quality of electrophysiological interaction between these two structures [45]. There is a correlation between array location in the cochlea and its insertion depth, on the one hand, and speech recognition performance, on the other [46]. Esquia Medina et al. showed that the electrode array position is influenced by the length of the inserted array in relation to the cochlear size [47]. When we observed a large cochlea with a short insertion length, the array seemed to be pushed toward the lateral wall and the electrode–modiolus distance was greater. Although we did not measure the positioning of the electrodes within the cochlea, we can infer that the perimodiolar electrodes were located closer to the modiolus. Additionally, the residual cochlear volume did not seem to influence the auditory thresholds after CI surgery, since the right cochlear mean volume was larger than the left cochlear mean volume, but the thresholds were not significantly different.



It is interesting to note that the impedance values of the apical electrodes were the highest during the intraoperative period, but they were the ones that were most reduced during the assessment period. The impedance values of the medial electrodes also followed the tendency to decrease as the evaluation progressed. Thus, we can infer that the impedance values may have been influenced by the residual cochlear volume (since they are smaller in relation to the volume of the basal turn of the cochlea) closer to the modiolus.



This study has several limitations. First, it is a retrospective study. A significant amount of information from medical records was lost or not recorded. Therefore, the number of subjects included in this study was limited. Second, we were unable to perform serial analyses (monthly) or longer periods of analysis (more than one year) of the impedance data because the computers on which the mappings were performed were backed up, and much data were lost. Lastly, without conflicts of interest, we performed the analysis using a single CI brand (Cochlear™, Australia) to avoid confounding factors such as different numbers of electrodes, different programming schemes, different electrode diameters, or different stimulation modes.



For these reasons, it is recommended that CI surgery be performed as soon as possible to optimize the audiological outcome.




5. Conclusions


Progressive changes in electrode impedance values were evident during the 12 months following CI surgery. Post-operative impedance measurements indicated an increase when compared to the intraoperatively measured basal values. The larger volume of the basal turns may explain the higher impedances that are necessary to stimulate the residual spiral ganglion neurons. Given the important role of an optimal map for speech perception, frequent programming sessions during the first few months of implant use are essential.
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Figure 1. This is a screen obtained from the 3D reconstruction software (3D Slicer, version 4.8.0). Box (A) is an axial view obtained prior to the 3D reconstruction of the cochlea. The yellow line highlights the boundaries of the basal turn of the cochlea. Box (B) is the defined area of the cochlea (green) that was used to calculate the volume. Box (C) is the superior view of a normal cochlea (patient without a history of meningitis). Box (D) is the anterior view of a normal cochlea from the 3D reconstruction. Box (E) is the anterior view of a cochlea from a patient with history of meningitis (for comparison). (Legend: IAC = internal auditory canal, LSCC = lateral semicircular canal). 
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Figure 2. Graph of grouped hearing thresholds for every frequency from 250 Hz to 8000 Hz, both pre- and post-operatively. 
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Figure 3. Histograms depicting average values of the impedances in CG mode in various cochlear segments according to evaluation times. Brackets indicate significant differences for apical electrodes between the left and right ear (decrease in time). For the left ear only, a decrease for middle electrodes at t12 and a decrease for basal electrodes from t3 to t12 were observed. No significant differences were found between other electrodes according to time. 
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Figure 4. Histograms depicting average values of the impedances in MP1+2 mode in various cochlear segments, according to evaluation times. In brackets, groups with significant variations are shown. 
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Table 1. Characteristics of subjects and hearing levels (pre-operatively).
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	Case
	Sex
	Volume
	Age at Surgery (Years)
	Pre/Post
	Time of HL (Years)





	1
	M
	50.04
	3
	Pre
	2



	2
	F
	90.98
	4
	Pre
	2.5



	3
	F
	72.03
	6
	Pre
	5



	4
	F
	78.63
	51
	Post
	48



	5
	F
	72.87
	5
	Pre
	3



	6
	F
	57.51
	17
	Post
	9



	7
	M
	60.23
	6
	Pre
	5



	8
	F
	56.25
	41
	Post
	28



	9
	F
	75.41
	5
	Post
	2



	10
	M
	69.8
	6
	Pre
	5



	11
	M
	64.39
	11
	Pre
	9.5



	12
	M
	68.3
	1
	Pre
	1



	13
	F
	69.67
	6
	Pre
	5



	14
	F
	56.5
	4
	Pre
	4



	15
	F
	52.36
	42
	Post
	38



	16
	F
	60.58
	5
	Pre
	5



	17
	M
	38.35
	5
	Pre
	3



	18
	M
	69.28
	5
	Pre
	4



	19
	F
	60.77
	4
	Pre
	3



	20
	F
	13.68
	4
	Pre
	3



	21
	F
	41.34
	10
	Pre
	8



	22
	F
	57.86
	4
	Pre
	3



	23
	M
	68.32
	4
	Pre
	3



	24
	F
	54.2
	8
	Pre
	2



	25
	M
	63.04
	5
	Pre
	3



	26
	F
	65.09
	39
	Post
	5



	27
	F
	63.62
	68
	Post
	17



	28
	M
	81.11
	5
	Pre
	3



	29
	F
	57.35
	47
	Post
	13



	30
	F
	46.96
	4
	Pre
	3



	31
	F
	54.03
	3
	Pre
	3



	32
	F
	53.98
	16
	Pre
	15



	33
	F
	61.1
	6
	Pre
	6



	34
	F
	67.94
	4
	Pre
	3



	Mean
	-
	60.93 ± 13.76
	5.00 ± 17.11
	-
	4.00 ± 10.45










 





Table 2. Correlation of impedance values (in kΩ) and cochlear volume (in mm3) for basal, middle, and apical segmentations of both ears (CG).
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T0

	
T3

	
T6

	
T12






	
CG

	
Basal

	
p = 0.553

r = 0.166

	
p < 0.001 *

r = 0.811

	
p = 0.006 *

r = 0.670

	
p = 0.004 *

r = 0.694




	
Middle

	
p = 0.098

r = 0.442

	
p = 0.001 *

r = 0.741

	
p = 0.021 *

r = 0.588

	
p = 0.054

r = 0.505




	
Apical

	
p = 0.083

r = 0.462

	
p = 0.001 *

r = 0.739

	
p = 0.016 *

r = 0.609

	
p = 0.002 *

r = 0.727








Legend: (T0) operative time; (T3) 3 months post-operative; (T6) 6 months post-operative; (T12) one year post-operative; (*) statistically significant.













 





Table 3. Correlation of impedance values (in kΩ) and cochlear volume (in mm3) for basal, middle, and apical segmentations of both ears (MP1+2).
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T0

	
T3

	
T6

	
T12






	
MP1+2

	
Basal

	
p = 0.450

r = 0.211

	
p < 0.001 *

r = 0.816

	
p = 0.004 *

r = 0.695

	
p = 0.004 *

r = 0.694




	
Middle

	
p = 0.062

r = 0.491

	
p < 0.001 *

r = 0.787

	
p = 0.009 *

r = 0.646

	
p = 0.002 *

r = 0.568




	
Apical

	
p = 0.050

r = 0.513

	
p < 0.001 *

r = 0.782

	
p = 0.006 *

r = 0.668

	
p = 0.001 *

r = 0.759








Legend: (T0) operative time; (T3) 3 months post-operative; (T6) 6 months post-operative; (T12) one year post-operative; (*) statistically significant.
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