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Abstract 1 

Human cochlear anatomy is highly variable. The phenomenon has been first 2 

described qualitatively, followed by a quantitative variability assessment with detailed 3 

anatomical models of the human cochlea. However, all previous work focused on 4 

lateral cochlear wall. Few information is available on the variability of the modiolar 5 

wall. Modiolar variability, likely determined by variability in the spiral ganglion, 6 

provides key information on when during ontogenesis the individual cochlear 7 

morphology is established: before and/or after neuronal structures are formed. In the 8 

present study we analyzed 108 corrosion casts, 95 clinical cone beam computer 9 

tomographies and 15 µCTs of human cochleae and observed modiolar variability of 10 

similar and larger extent than the lateral wall variability. Lateral wall measures 11 

correlated with modiolar wall measures significantly. ~49% of the variability has a 12 

common cause, very likely established already during the time when the spiral 13 

ganglion is formed. Proximity of other neuronal and vascular structures, defining the 14 

remaining variability in scalar spaces, are determined later in ontogenesis, when the 15 

scalae are formed. The present data further allows implications for perimodiolar 16 

cochlear implants and their tip fold-overs. In particular, the data demonstrate that tip 17 

fold-overs of preformed implants likely result from the morphology of the modiolus 18 

(with radius changing from base to apex), and that optimal cochlear implantation of 19 

perimodiolar arrays cannot be guaranteed without an individualized surgical 20 

technique. 21 

 22 

Keywords: 23 

Modiolus, variability, tip fold-over, efficient packing, implantation trauma.  24 
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Introduction 25 

The shape of the human cochlea has an intriguing three-dimensional geometry that 26 

is reminiscent of the shell of a nautilus which remarkably fits to a logarithmic spiral 1–27 

3. A relation of the cochlear form to an acoustic function has been proposed 4. The 28 

suggestion, however, is neither compatible with the overall size 5–10 nor the large 29 

interindividual variability of the cochlear shape (analysis in 8). The Pietsch-data were 30 

compatible with the efficient packing hypothesis 11,12, assuming that the anatomical 31 

space restriction in the temporal bone, given by the proximity of nerves, muscles and 32 

vessels (embryonically forming before the cochlear spaces 13), affects the 33 

interindividual variability in the cochlear shape. The shape was not compatible with a 34 

nautilus-like logarithmic spiral, but rather fits to a more complex polynomial spiral (8, 35 

comp. 14). 36 

 37 

Human cochlear variability is of key importance for cochlear implantation. 38 

Implantation trauma and postoperative hearing outcomes are dependent on the 39 

mutual relation of cochlear size and the implant electrode 15–17. Furthermore, 40 

variability in the vertical trajectory of the implant electrode can cause damage to the 41 

basilar membrane 7,18. In these studies the vertical profile and the dimension of the 42 

scala tympani was less variable near the modiolus. Such an observation would favor 43 

perimodiolar electrodes 19–21, particularly since reduced distance to the modiolus may 44 

reduce channel interactions and reduce thresholds 22–24. However, implantation 45 

trauma may be a serious complication 25–28. Damage to the modiolus leads to loss of 46 

spiral ganglion cells 29 and may represent a route for infections into the intrathecal 47 

space 30. Furthermore, perimodiolar placements require preformed electrode arrays 48 

20,23. These cannot be implanted in their precurved form, and even using a positioner 49 

(straightener or stylet) that straightens their form for implantation still involves the risk 50 
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of a fold-over of the electrode array once it is released from the positioner 20,31–33 or a 51 

scalar translocation 34. No detailed analysis of the relation between the electrode and 52 

the modiolus and its interindividual variability has been published yet. Knowledge on 53 

cochlear anatomy and its individual variations is of key importance for cochlear 54 

implantations of perimodiolar arrays. 55 

Furthermore, it has been suggested that cochlear variability is due to the facial nerve, 56 

jugular vein, internal carotid and the tensor tympani muscle that are in close proximity 57 

of the cochlea and that form before the cochlear scalae 8. The modiolus is 58 

ontogenetically formed before cochlear scalae 13. Therefore, studying the modiolus in 59 

its interindividual variability would provide information whether developmentally, 60 

variability is established during cochlear spaces formation, or before their 61 

appearance. The latter would indicate that the formation of neural structures (that are 62 

the early structural basis of the modiolar geometry) is responsible for a substantial 63 

amount of cochlear variability. 64 

The goal of the present study was to evaluate the variability of modiolar parts of the 65 

cochlea and compare it to the variations observed with measures obtained from the 66 

lateral wall. Three groups of specimen were compared: corrosion casts 8, micro 67 

computer tomography (µCT) datasets 35 and clinical measurements obtained with 68 

cone beam computer tomography (CT) in a clinical setting (36. The data show that the 69 

variability in cochlear microanatomy is similar in modiolar and lateral portions of the 70 

cochlea. The data presented allows for conclusions on current design issues of 71 

perimodiolar arrays. 72 

 73 
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 Materials & Methods 74 

Three different datasets of human cochlear anatomy were used in the present study: 75 

cone beam CT (CBCT) obtained in clinical setting before cochlear implantation (Fig. 76 

1A), corrosion casts from donors (Fig. 1B) and micro-CTs (µCTs) from donors (Fig. 77 

1C). While CBCT can be obtained in living human subjects, both corrosion casts and 78 

µCT are obtained from cadaver temporal bones. We have obtained informed consent 79 

from patients for using their data. All experimental protocols were approved by a 80 

institutional ethics committee at Hannover Medical School. All methods were 81 

performed in accordance with the relevant guidelines and regulations. 82 

 83 

CBCT measurements (“Clinical CT”) 84 

The method of CBCT imaging and analysis and the dataset have been described in 85 

detail previously 36–38; here we reuse these data. In brief, a total of 95 patients (51 86 

female, 44 male) with cochlear implants were included in the analysis. The age of the 87 

patients ranged between 2 and 83 years (mean 54.3 yrs). All patients were treated at 88 

the Department of Otorhinolaryngology—Head and Neck Surgery of Hanover 89 

Medical School. Clinical CT images are anonymized. Segmentations were performed 90 

in clinical CBCT datasets acquired prior to surgery. CBCT datasets were generated 91 

using the Xoran XCAT (125 kVp, 7 mA) resulting in an isotropic voxel size of 0.3 mm 92 

or the Morita 3D Accuitomo 170 set to an isotropic voxel size of 0.08 mm. 93 

 94 

These clinical scans are part of the clinical routine at the Hannover Medical School to 95 

preoperatively evaluate the condition of the cochlea and postoperatively confirm 96 

correct intracochlear array placement. All segmentations of the cochlear modiolar 97 

wall in preoperative CBCT data were performed with the software tool OsiriXMD 98 

(version 2.5.1 64bit, Pixmeo SARL, Switzerland) according to previous studies 37–40. 99 
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For a standardized view, window width was set to 4600 Hounsfield Units (HU) and 100 

window leveling was set to 1095 HU. The modiolar wall was measured along the A 101 

and B axis according to the previously accepted guidelines 41.  102 

 103 

µCT 104 

The method used for 15 µCTs has been described in detail previously 38. In brief, 20 105 

anonymized µCT data sets generated by a SCANCO MicroCT 100 (version 1.1, 106 

SCANCO Medical AG, Switzerland) were processed. The scans were performed at 107 

70 kVp and 114 or 88 µA with AI05 or Cu01 filtering, resulting in a voxel size of 10 x 108 

10 x 10 µm. The data sets were loaded into a custom software tool specifically 109 

developed for accurate segmentation of the cochlea. The utilized custom-made 110 

segmentation tool was programmed in C++ 42 with the goal to maximize the accuracy 111 

of the segmented cochlear structures. The resulting segmentation data points were 112 

then processed and converted within three main steps, all of which were performed 113 

in Matlab (version 2011a, The MathWorks Inc., USA) according to 38. The cochlear 114 

lumina including the modiolus were segmented with an angular step width of 22.5° 115 

which was proven to be sufficiently small to serve as the foundation of convergence 116 

studies during data evaluation. Correspondingly, also here A and B measurements 117 

were performed according to 41. 118 

 119 

Corrosion casts 120 

The method used for 108 corrosion casts of human cochleae (59 left, 49 right) has 121 

been described in detail previously 8. In brief, very high resolution imaging 122 

(12µm/pixel) in precise reproducible cross-hair-laser-assisted positioned views 123 

(according to the Consensus Cochlear Coordinate System / CCCS 41) of corrosion 124 

casts from the Hanover Human Cochlea Database were studied. Measurements of 125 
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distances, angles and areas were performed with the microscope manufacturers 126 

analysis software in maximal magnification (Keyence VHX-600). Measurement of 127 

cochlear length was performed with ImageJ software (Image Processing and 128 

Analysis in Java, freeware, available at http://rsbweb.nih.gov/ij/), which was 129 

calibrated for the pixel resolution. 120 measurement points in each of the 108 130 

cochleae resulted in 11324 total measurements due to 818 missing values, mainly 131 

because the measurement point exceeded the given cochlea (e.g. measures at 990° 132 

were only available in cochleae that reached this angular length, in smaller cochleae 133 

these measurements were not available). 134 
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 135 

Figure 1: Imaging of the cochlea using the three methods used in the present study: 136 

A) Cone Beam Computer Tomography (CBCT); B) Corrosion cast; C) Micro 137 

Computer Tomography (µCT). The different methods differ in resolution and details, 138 

with corrosion casts and µCTs providing better resolution than CBCT.  139 

 140 

 141 

 142 
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Data analysis 143 

The mean modiolar wall helix was computed based on the µCT data. First, the 144 

segmentation models of the 15 µCT datasets were averaged, yielding an average 145 

representation of the human cochlea. Based on this volumetric model the mean 146 

modiolar wall helix was extracted, as is depicted in Fig. 2A. The helix was then 147 

parameterized according to the ABH model 35, i.e. such that it could be scaled 148 

independently in x, y and z to match individual measures of the modiolar wall 149 

diameter Amod and width Bmod (cf. Fig. 1B).   150 

 151 

Individual cochlear diameter and width values for both the modiolar and lateral wall 152 

(Fig. 1B) were determined at the point where the porous modiolar wall transformed to 153 

the smooth scala tympani portion (Fig. 2B). These points at the A and B axis 154 

determined the Amod and Bmod. The statistical analysis of all A and B measures 35,44 155 

was performed in Matlab and significance was tested with two-tailed Wilcoxon-Mann-156 

Whitney test and Kolmogoroff-Smirnoff test, both at α=5%. 157 

 158 

For this analysis absolute values were compared, but additionally the values were 159 

normalized to the mean to assess the relative variance of the population. For this the 160 

values were normalized as 161 

 162 

          (Eq. 1) 163 

The A and B measures along the lateral and modiolar walls respectively were then 164 

used to scale the mean profiles of the two walls, yielding individual representations of 165 

the two walls for each cochlea. The analysis of the straight portion of the cochlear 166 

base and the critical diameters of the implant curvature was performed based on 167 

x
norm

=
x

1
- x
x
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these individualized representations. The potential location of the cochlear implants 168 

(red curve in Fig. 2) was determined as a curve with an assumed constant offset (doff) 169 

to the wall of the scala tympani (dashed line in Fig. 2C). Three commercial arrays 170 

with three different assumed doff were modelled. The point of tangential transmission 171 

(Fig. 2C) was defined as the point where the tangent line to the position of the 172 

implant (dashed line) connects this point with the intersection of the A-axis and the 173 

lateral wall. This defined the angle of tangential transition Θi,str and the straight 174 

distance lstr. 175 

 176 

Additionally, we studied the impact of modiolar variability on the risk of tip fold-over. 177 

In order to do so we introduced the critical radius rfold, describing the curvature of an 178 

array tip small enough to enable the array to “stand up” on the modiolar wall (i.e. the 179 

critical radius that allows for a 90° angle between array tip and modiolar wall, as is 180 

depicted in Fig 2D; it is considered critical since an angle > 90° between array tip and 181 

modiolar wall will likely result in tip fold-over). Four values are hence important for the 182 

investigations described above: the distance of the electrode array to the modiolus 183 

(doff, different for three different perimodiolar arrays), the minimal distance to the 184 

lateral wall (dLW), the critical curvature of the preformed electrode array tip (rfold in Fig. 185 

2D) and the point of release of the electrode array from the stylet. We assumed three 186 

different distances from the modiolus based on three different electrode arrays (see 187 

results) and compared the resulting radius of the electrode tip (rpre) with the critical 188 

radius (rfold) at the given implantation angle in all 108 corrosion casts. 189 

 190 

 191 
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 192 

 193 

Figure 2: The methodological approach. A) The average 3D profile of the cochlear 194 

MW extracted from the 15µCT segmentations described in 35. B) Depiction of the 195 

cochlear dimensions A and B along the cochlear lateral and modiolar wall as well as 196 

the distance r0 from the modiolar axis to the center of the round window; C) 197 

Visualization of the computed insertion trajectory (in red) based on the individualized 198 

MW profile (solid black line) and distance doff between MW and central axis of a 199 

perimodiolar array. D) The computation of the critical radii (rfold) were based on the 200 

assumption that if the radius of the precurved implant is small enough for the tip to 201 

“stand up” inside the scala tympani, a tip fold-over becomes likely. For this reason 202 

such hypothetical critical radius was computed depending on the different modiolar 203 

dimensions and different insertion angles. 204 

  205 
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Results 206 

Using the large dataset of more than 200 human cochleae obtained with different 207 

methods, we first focused on measures that can be easily obtained in all these 208 

approaches. Using such strategy it was possible to compare the different methods to 209 

each other and by that validate them. 210 

The most straightforward comparison of variability was using the measures obtained 211 

at A and B axes of the cochlea in clinical CTs, µCT and corrosion casts. Comparing 212 

the three methods reveals that all measures taken at the lateral wall are similar and 213 

overlapping with these techniques (Fig. 3). The differences were systematic at the 214 

modiolar wall and, for B-axis, also at the lateral wall (A-values lateral wall: corrosion 215 

9.24±0.42 mm; clinical 9.18±0.40, p=0.2950; A-values, modiolar wall: corrosion 216 

5.46±0.32 mm; clinical 4.66±0.34 mm, p=1.9961*10-29, B-values, lateral wall: 217 

corrosion 6.80±0.36; clinical 6.99±0.31; p=1.0996*10-4; B-values, modiolar wall: 218 

corrosion 3.17±0.32, clinical 2.82±0.26, p=2.1310*10-14, two-tailed Wilcoxon-Mann-219 

Whitney test). The measures taken with µCT were too few in number to well 220 

characterize a histogram. They, nonetheless, overlapped with the range observed 221 

with the other two methods.  222 

The measurements demonstrated systematic differences in the methods. The 223 

corrosion casts had a larger A compared to the clinical measurements, the B-results 224 

were mixed. Particularly the modiolar clinical measures appeared systematically 225 

smaller than the corrosion casts. This difference is likely given by the soft tissue at 226 

the cochlear base, since the measures taken with corrosion casts include soft tissue 227 

with the modiolar measurements, whereas the clinical CT and µCT visualize only the 228 

bone and exclude the soft tissue. These differences may have been further affected 229 

by the limited resolution of the clinical measurements. Most important for the present 230 
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aim is, however, that the variance of the measures is highly similar for modiolar and 231 

lateral wall measures.  232 

 233 

 234 

Figure 3: Variability of A and B measures of the lateral wall and modiolar wall in the 235 

three datasets used. 236 

 237 

The coefficient of variation, relating the variance to the mean of the population and 238 

thus providing a quantification of the spread of the data, was nominally always larger, 239 

not smaller, for the modiolar measures: For the corrosion casts and the A-value, it 240 

was 0.0446 for the lateral wall and 0.0586 for the modiolar wall. For the B-value it 241 

was 0.0529 for the lateral wall and 0.1009 for the modiolar wall. Similarly, in the 242 

clinical measurements for the A-value, the coefficient of variation was 0.0436 for the 243 
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lateral wall and 0.0730 for the modiolar wall. For the B-measure, it was 0.0443 for the 244 

lateral wall and 0.0922 for the modiolar wall. This indicates that the interindividual 245 

variability of the modiolar wall is not smaller than the variability of the lateral wall. 246 

We subsequently analyzed the correlations between modiolar and lateral measures 247 

(Fig. 4). The values correlated significantly for all methods used. The best correlation 248 

was achieved for the corrosion casts (values of r ~0.7), where precision of 249 

measurement is likely highest. Not unexpectedly this indicates that the 250 

measurements taken from clinical CTs are confounded by some measurement 251 

imprecisions due to low contrast and resolutions. The µCT measurements were too 252 

few for this type of analysis, but even in these measurements the correlations were 253 

significant for the B values. 254 

In the corrosion casts, the correlation explained approximately 49% of the variability 255 

of the modiolar measures by lateral measures (or vice versa). This means cochleae 256 

that are large in the lateral measures are also large in the modiolar measures. 257 

However, there is also variability in the size of the cochlear spaces, contributing to 258 

the “noise” in this correlation and probably contributing to the remaining 51% of the 259 

variability.  260 

 261 
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 262 

Fig. 4: Correlations of (A) basal diameter A and (B) width B of the lateral and 263 

modiolar wall respectively, which were investigated for Clinical CT data (top row), 264 

Corrosion Casts (center row) and  µCT (bottom row) 265 

 266 

Given these results, we normalized the distributions (subtracted the mean and 267 

divided by the mean, see Eq. 1) so that modiolar and lateral wall measures could be 268 

overlaid and directly compared (Fig. 5). This confirmed the surprising result: here the 269 

modiolar measures had in part larger variance than the lateral wall measures 270 

(Kolmogoroff-Smirnoff two-tailed test, p<0.05).  271 

 272 
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 273 

Fig. 5: Comparison of the variance of lateral wall and modiolar wall measures after 274 

subtracting the mean and normalizing to the mean. * ~ p<0.05; ** ~p<0.01; n.s. = not 275 

significant ~ p>0.05. 276 

 277 

Finally, we also compared the measures between corrosion casts and the clinical CT 278 

measures: here the variance was not significantly different between the methods 279 

(modiolar wall A measures: p=0.2438; B measures: p=0.8527; lateral wall A 280 

measures: p=0.8431; B measures: p=0.4444).  281 

Our data further allow a model-based assessment of the relation between the 282 

cochlear insertion depth (metric and angular) to the distance from the modiolus. The 283 

model was based on the corrosion cast data, being the largest sample in the present 284 

study at the highest spatial resolution. Using these data we can determine the 285 



 

16 

 

angular insertion depth or insertion angle (IA) of an electrode as a function of the 286 

electrode insertion depth (EID) and the distance from the modiolus (doff). We used 287 

this model to study the three currently most frequently used perimodiolar electrode 288 

arrays: the Contour Advance electrode array (CI612, Cochlear Ltd.), the Mid-Scala 289 

electrode array (HiFocus Mid-Scala, Advanced Bionics) and the Slim Modiolar 290 

electrode array (CI632, Cochlear Ltd.). These electrodes were all designed to come 291 

close to the modiolus and therefore modiolar variability is relevant for these implants. 292 

Furthermore, for all three electrodes, clinical insertion depths are available and can 293 

be compared to the outcomes of our estimations. 294 

In order to tune our model to the different types of electrodes, we took the mean 295 

shape of the cochlear modiolar wall and computed the ratio of electrode insertion 296 

depth (EID) and resulting insertion angle (IA) for different values of doff ranging from 297 

0-1.5mm in 0.1mm steps. This computation yielded the three-dimensional profile 298 

depicted in Fig. 6 describing the average dependency of EID, IA and doff. The 3D 299 

profile shows that for more modiolarly located electrode arrays, as expected, smaller 300 

EIDs are necessary to achieve specific IAs. Using clinical observations on the mean 301 

ratio of EID and IA for the respective electrodes, the electrode-dependent value of doff 302 

could be derived: the mean profile showed an IA of 348° with an EID of 16.6mm (as 303 

reported in 45 for the Contour Advance) for doff=0.8mm, an IA of 398° with an EID of 304 

19.2mm (as reported in 46 for the Mid-Scala) for doff=1.0mm and an IA of 406° with an 305 

EID of 15.4mm (as reported in 47 for the Slim Modiolar) for doff=0.3mm.  306 

 307 
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 308 

 309 

Fig. 6: Dependence of the insertion depth (IED) to implantation angle (IA) on the 310 

distance from modiolus (doff) of three different commercial perimodiolar electrode 311 

arrays. Data approximated based on an individual corrosion cast reflecting the mean 312 

overall size of the human cochlea. For same implantation angle shorter insertion 313 

depth is required if the distance to the modiolus is smaller. 314 

 315 

In order to validate if employing these offset values yields data on metric and angular 316 

insertion depth which is comparable to clinical observations we additionally took 317 

standard deviation data reported in the three publications on the respective 318 

perimodiolar arrays into account. Using the average shape of the modiolar wall we 319 

used the model to compute the metric insertion depth (EID) necessary to achieve the 320 

reported average insertion angles +/- 1 standard deviation of the respective electrode 321 

arrays. As shown in Fig. 7, the computed EID ranges necessary to achieve the 322 

clinically observed ranges of insertion angles are very similar to the ones assessed 323 

within clinical data: for the Contour Advance electrode the mean implantation angle 324 

of 348 ± 36° was clinically achieved with an EID of 16.6 ± 1.1mm 45, the model 325 

prediction was nearly identical - 16.7 +/- 1.1mm (Fig. 7ü). For the Mid Scala 326 
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electrode, clinical data have shown that the mean implantation angle of 398 ± 41° 327 

required an EID of 19.1 ± 0.9 mm 46 and the model prediction was again nearly 328 

identical - 19.2 ± 1.3mm (Fig. 7). For the Slim Modiolar electrode, clinical 329 

observations showed a mean insertion angle of 406 ± 33° with an EID of 15.4 ± 1.1 330 

mm 47 while the model predicted that these insertion angles can be achieved with an 331 

IED of 15.43 ± 0.06 mm.  332 

 333 

 334 

 335 

Fig. 7: Comparison of model computations with previously published data on EID 336 

confirm the validity of the approximation based on corrosion casts, with nearly 337 

identical means and standard deviations. Clinical data for Contour Advance from 45, 338 

Mid-Scala electrode from 46 and Slim Modiolar from 47. 339 

 340 

After this validation step the model was used to investigate the insertions of 341 

perimodiolar arrays which follow the trajectories of commercial electrode arrays (due 342 

to the correspondingly matched doff values of 0.3 mm, 0.8 mm and 1.0 mm) in more 343 

detail. This was performed by computing the relation of metric and angular insertion 344 

depths, i.e. what EID values are necessary to achieve specific IAs, for each one of 345 

the 108 cochleae with each one of the different values of doff. It is important to note 346 
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that these results are theoretical predictions based on the electrode shape and the 347 

corrosion casts. 348 

The first critical measure of the insertion of perimodiolar arrays is the length of the 349 

straight portion of the implant in the basal cochlear turn. This measure is highly 350 

variable and dependent on the position of the electrode array within the scala 351 

tympani. The distance lstr and angle IAstr after which the array passes the tangential 352 

point and thus may be safely released from its straightener (Fig. 8A,B) varies 353 

substantially for the electrode distance from the modiolus (doff). Thus Istr and IAstr are 354 

strongly dependent on the individual cochlear anatomy. The same holds true for the 355 

distance lcrit after which the array would touch the lateral wall, potentially causing 356 

insertion trauma (if not yet released from the straightener). The results show that the 357 

three investigated offsets doff result in different lstr, IAstr and lcrit, i.e. all three 358 

parameters are not only dependent on the individual anatomy but also on the 359 

distance from the modiolus.  360 

Interestingly, the ranges for the optimal release point Istr and the ranges critical for 361 

contacts with the lateral wall Icrit overlapped for doff 0.8 and 1.0 mm. This 362 

demonstrates that for these distances from the modiolus there is no universally safe 363 

Istr that guarantees both (i) a safe release from straightener (without tip fold-over) and 364 

(ii) no risk of trauma at the lateral wall. In other words there is no “value that fits all” 365 

and the surgeon’s guides for release from stylet require at least different values for 366 

small, mean and large cochleae. This highlights again the importance of individually 367 

assessing the patient anatomy prior to implantation. 368 

Next, the interrelation of EID and IA was investigated for the different values of doff. 369 

The data, consistent with Fig. 6, further suggest that if an array is located closer to 370 

the modiolus, shorter insertion depths are required to achieve specific insertion 371 

angles (Fig. 8C). Modiolar electrodes of a certain length can thus theoretically 372 
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achieve higher insertion angles than lateral wall electrodes of the same length. 373 

Pragmatically, these pre-curved electrodes are never inserted beyond or even up to 374 

540°, which is most likely owed to the complexity of the insertion and trajectory the 375 

array must follow: the implantation with the stylet (in the straightened form) can only 376 

take place within the straight portion of the basal turn (Istr). Afterwards the implant has 377 

to be released and proceeds through the cochlea in its predetermined curvature 378 

which, if not coinciding with the curvature of the cochlea it is inserted into, would 379 

increase the risk of tip fold-overs (which is investigated in more detail below). In order 380 

to highlight the increasing complexity of the necessary array trajectory for deep, 381 

perimodiolar insertions, the median trajectories for angular insertion depths of 720° 382 

are depicted underneath Fig. 8C. These suggest that especially for a very close 383 

proximity to the modiolus, the array needs to be very tightly twisted. In addition, the 384 

pre-curvature can no longer be two-dimensional but must incorporate the height 385 

change of the cochlear spiral. This further increases the risk of basilar membrane 386 

puncture in the base as the coiling force would likely be applied directly upwards 387 

against the membrane.  388 

 389 

 390 
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Figure 8: Approximated position of the cochlear implant array for three conventional 391 

perimodiolar electrodes with different distance to the modiolar wall. Shown are 392 

theoretical values; perimodiolar or midscala arrays were not designed for the 393 

implantation of 540° or beyond. A) The straight portion of the cochlear implant as well 394 

as the critical distance at which the straight portion would touch the lateral wall are 395 

largest for the electrode that is closest to the modiolus. B) Also the implantation angle 396 

covered by the straight portion of the implantation is largest in the electrode that is 397 

closest to the modiolus. C) Relation of insertion depth (in mm) as a function of 398 

implantation angle. The electrode that is closest to the modiolus (Slim Modiolar) 399 

theoretically requires shorter electrode array to reach the end of the second turn. The 400 

median trajectories for an insertion angle of 720° shown below suggest that close 401 

proximity to the modiolus requires a more complex array 3D curvature, which is likely 402 

to increase the risk of tip fold-over. 403 

 404 

In order to further quantify the risk of tip fold-overs, we analyzed the critical radii (i.e. 405 

the maximal curvatures of pre-shaped arrays that involve the risk of tip fold-over by 406 

exceeding the 90° angle to the modiolar wall) in more detail. For this, in each 407 

individual corrosion cast the critical radii rfold (as defined in Fig. 2D) were determined 408 

along the first two turns of the cochlea (Fig. 9). These values were highly 409 

interindividually variable. Nonetheless, within the first 270° the critical radius 410 

functions were rather flat, with a maximum of the mean curve of 1.37 mm. This is of 411 

importance, since the release from the straightener (e.g. stylet in case of Contour 412 

Advance) must take place within the first 45°-90°, but preferentially after the end of 413 

the straight portion of the implant course, thus after ~ 5 mm insertion (Fig. 8B). In 414 

consequence, to safely prevent tip foldover at this position, the tip of the implant after 415 

release from the stylet should have a preformed radius ≥ 1.37 mm for the average 416 
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cochlea such that the array tip cannot fold over within the basal cochlear region. 417 

However, the value of 1.37 mm is not optimal for all cochleae; to safely avoid tip 418 

foldover in all cochleae, the radius should even exceed 2 mm. 419 

 420 

Figure 9: The critical radii (rfold) as determined from the 108 corrosion casts. The 421 

data reveal a rather flat function till 270°, with mean value of 1.37 mm and maximum 422 

values of up to 2.0 mm within the basal cochlear region. Around angular positions of 423 

360°, the critical radii decline to < 1 mm. 424 

Since the modiolus becomes thinner in the apical direction, to come optimally close 425 

to the modiolus and remain closely positioned to the modiolus throughout the whole 426 

cochlea, the implant requires a particular radius (rpre) at each angular position. This 427 

curvature is dependent on the assumed distance of the array from the modiolus. The 428 

next question was if this characteristic of critical radii rfold can be compared with the 429 

curvatures rpre of different electrode arrays (cf. Fig. 2) to derive array specific 430 

statements on increased risks for tip fold-overs. We assessed these hypothetical best 431 

curvatures for the three above approximated distance values doff of 0.3 mm, 0.8 mm 432 

and 1.0 mm, which correspond to the commercial electrode arrays Slim Modiolar, 433 

Contour Advance and Mid-Scala, respectively, up to the first quadrant of the second 434 

turn. Fig. 10 hence shows the mean ± one standard deviation of the corresponding 435 
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curvatures rpre for which our model computes insertion angle comparable to clinical 436 

findings (Fig. 7). In addition, the mean profile of the critical radius rfold ± one standard 437 

deviation as well as the maximum of the average critical radius of rfold = 1.37 mm 438 

(dashed horizontal line) are displayed. Regarding the pre-curvature, all three array 439 

trajectories suggest decreasing rpre profile (i.e. an increasing curvature) with 440 

increasing insertion angles as a consequence of the spiral profile of the cochlea with 441 

decreasing modiolar diameter. The different offsets doff, representing the different 442 

proximities to the modiolar wall, mainly create a vertical shift of this curvature profile. 443 

The consequence of this shift regarding the chance of tip fold-overs can now be 444 

derived if comparing the curvature profiles with the dashed horizontal line 445 

(representing the projection of the average critical radius rfold in the cochlear base, 446 

occurring at about 270°, array independent) onto the array dependent curvature 447 

profiles. All 3 comparisons show an intersection of the dashed line with the curvature 448 

profiles, and the angular value at which this intersection occurs (red arrow) is of 449 

critical importance. When starting with the array with medium distance from modiolus 450 

(0.8 mm, depicted in Fig. 10B), the figure shows the intersection of the two curves at 451 

about 380° (red arrow in Fig. 10B), which lies within the range of clinically reported 452 

insertion angles with the Contour Advance array. This means that the tip curvature of 453 

this array necessary to achieve the desired perimodiolar location at 380° equals the 454 

curvature which increases the likelihood of tip foldovers at 270°. In other words if 455 

releasing such a hypothetical array (designed so that its curvature fits optimally to the 456 

380° point) from the straightener before or at the 270° point might yield a tip fold-457 

over. 458 

The more extreme case is the smallest distance from the modiolus (0.3 mm, Fig. 459 

10A): the intersection of critical and pre-curvature radii lies on the top of the pre-460 

curvature profile at 270°. The change of tip fold-overs is hence even larger than for 461 
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0.8 mm, since the tip curvature yielding the desired perimodiolar position and an 462 

increased chance of tip fold-overs are identical at 270° (bottom left illustration of Fig. 463 

10). The diagram in Fig. 10A further shows that after about 500°, the pre-curvature 464 

radius rpre is even smaller than the foldover critical radius rfold. Foldovers beyond 465 

insertion angles of 500° are hence nearly inevitable with such array design. 466 

In the other arrays (Fig. 10B,C) the mean optimal curvature is always above the 467 

critical curvature and this danger is consequently less (N.B. this applies for the mean 468 

cochleae only). This demonstrates that for assuring atraumatic insertion without the 469 

risk of tip fold-over, the electrode should be designed to be located more than 0.3 470 

mm away from the modiolus.  471 

 472 

 473 

Fig. 10: Mean (± standard deviation) of optimal radius (rpre, i.e. optimal curvature of 474 

the preformed implant) as a function of angular position from the round window for 475 

the three different designs of the implants, with three different assumed distances 476 

from the modiolus (A: 0.3 mm; B: 0.8 mm and C: 1.0 mm). For comparison, mean 477 

values for the critical radius are shown in grey. Data obtained from corrosion casts. 478 

The red line depicts the maximal critical mean radius of 1.37 mm (occurring at about 479 
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270°). The red arrow points to the angular position at which this line intersects the 480 

individual optimal array curvatures. Beyond this point this curvature would lead to an 481 

increased risk of foldovers because it allows the array tip to buckle up on the 482 

modiolus (see Fig. 2A). The bottom images show examples of (from left to right) 483 

desired and critical curvature occurring at the same angular location, the danger of 484 

the critical radius being even larger than the desired array radius and the desired 485 

curvature at an angle beyond 360° yielding an increased risk of tip foldovers within 486 

the basal turn. 487 

 488 

It remains to be considered that mean rpre values were used for the present 489 

considerations. However, these are highly variable between individuals, and only 490 

near the apex the variability is less – as shown by the minimal standard deviation in 491 

Fig. 10 for the highest implantation angles.  492 

  493 
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Discussion 494 

The presented data provide evidence that the modiolar cochlear structures are either 495 

as variable as the cochlear lateral wall or, in some measures, even more variable 496 

than the lateral wall. In no case the variability of the modiolar walkl was less than that 497 

of the lateral wall. The interindividual variability of the human cochlea thus extends 498 

also into the modiolus that is, in contrast to the scalar spaces, primarily shaped by 499 

the early-developing neural structures.  500 

 501 

The mechanistic explanation of cochlear variability has been so far based on the 502 

efficient packing hypothesis and the fact that scala vestibuli and scala tympani form 503 

after the differentiation of the surrounding neuronal structures. Since the present 504 

study did not assess neuronal structures directly, it cannot exclude the possibility that 505 

the neuronal structures are not variable and that only the scalar spaces approach 506 

them much closer in the smaller cochleae. This is, however, unlikely: the spiral 507 

ganglion is located extremely close to the scala tympani, the separation being only by 508 

a thin bony shell and sometimes a vessel (Fig. 9 of 48 and Fig. 6 of 49; see also 50). 509 

Therefore, interindividual differences in the modiolar axes must involve variations in 510 

the 3D shape of spiral ganglion. Indeed, also in a previous study metric length of the 511 

first two turns of the cochlea explained 83% of the variability of spiral ganglion length 512 

(7, see also 51). Most likely, it is already early in development when this part of the 513 

variability is established, before the scalar spaces appear. This suggests another an 514 

inherent source of variability of the cochlear size, potentially related to the overall 515 

size of the temporal bone and thus the size of the head that is additional to the 516 

efficient packing.  517 

 518 
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Methodologically, when comparing the lateral wall and the modiolar wall we need to 519 

consider that the borders of the lateral wall are much better defined in all imaging 520 

techniques. The modiolar wall is fenestrated, and thus the border is harder to identify 521 

than the lateral wall (Fig. 1). One can assume that the outcomes of modiolar 522 

measurements will be more affected by measurement imprecisions (noise) than at 523 

the lateral wall. This may have substantially contributed to the larger spread of the 524 

data for the normalized modiolar distributions compared to lateral wall (Fig. 4). The 525 

interesting finding is, however, the high correlation (r ~ 0.7) of both measures in 526 

corrosion casts (with the best spatial resolution, Fig. 3A,B). This demonstrates that 527 

the results in corrosion casts are not driven by measurement “noise” (that would be 528 

uncorrelated), but rather by true variability behind the data. Such common factors 529 

explain 49% of the variability of lateral and modiolar dimensions. Of key importance 530 

is the use of several techniques: here clinical CT was much more contaminated by 531 

such uncorrelated noise, and consequently the r values were smaller, ~ 0.37. 532 

Interestingly, where measurements can be performed exactly, in µCT, despite few 533 

data, correlation coefficients are higher than in clinical CTs (Fig. 4).  534 

 535 

The modiolar A and B values were smaller in clinical CT than in corrosion casts, most 536 

prominently for measure A, but observable also for B. The µCT measurements were 537 

positioned in between. The CT measures reflect the bony structures and exclude soft 538 

tissue near the modiolus and the lateral wall, whereas the corrosion casts in fact 539 

show only the empty spaces and as a negative image include, particularly in the 540 

modiolar measures, the soft tissue. Additionally to the imprecisions in the 541 

assessment of the modiolar wall also this may further contribute to these differences.  542 

 543 

Clinical implications 544 
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We investigated the consequence of the modiolar variability on the cochlear 545 

implantation. We have focused on three arrays that cover a wide range of distances 546 

from the modiolus. The present data confirm that compared to lateral wall arrays, 547 

perimodiolar implants of the same length have the potential to reach deeper into the 548 

cochlea. However, this includes risks in cochlear trauma and comes at a cost of a 549 

complex design that currently does not allow deep implantation (see also below): 550 

since the implant must be preformed, implantations require a stylet (or straightener). 551 

 552 

Furthermore, perimodiolar arrays require a precurved geometry. A precurved 553 

electrode arrays often have a constant curvature along the array – in other words 554 

they are optimally designed for one insertion position (rpre curves in Fig. 10). Before 555 

(basally to) this position the curvature will be smaller than optimal and even may be 556 

smaller than the critical radius (with the consequence of tip fold-over). Beyond this 557 

point (apical to it) it will be too large and thus come to lie further abmodiolarly, at an 558 

intermediate position between the modiolar and the lateral wall (comp. 52).  559 

 560 

Two additional anatomical limiting factors for perimodiolar electrodes require 561 

consideration: 562 

1) The acceptable straight portion of implant course varied in different cochleae. 563 

The individual optimal straight insertion depth covers a range from 2 to 5 mm 564 

(Fig. 8B) depending on the microanatomy of the individual cochlea. The stylet 565 

itself can cause a cochlear trauma if inserted so deeply into the cochlea that it 566 

hits the lateral wall. The range of distances from round window straight to the 567 

lateral wall (along the course of Istr in Fig. 2) in the present study was 6.86 – 568 

9.37 mm. The surgeon’s guide for the Contour Advance electrode informs that 569 

the electrode tip is 7.6 mm from the marker for optimal insertion. This is > 0.7 570 
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mm more than the corresponding space in the smallest cochlea (Fig. 8 B). 571 

This means that this electrode would introduce cochlear damage at the lateral 572 

wall in smaller cochleae before the stylet is removed (albeit this is the case 573 

only in few cochleae; see also 53). For the Slim-Modiolar electrode array the 574 

literature provides the information of “about 5 mm” insertion before 575 

straightener removal 54 and the Surgeon’s guide for the Mid-Scala gives 5.4 576 

mm (distance between marker and tip of the electrode). These two values 577 

appear to be the consequence of a reasonable safety consideration fitting to 578 

the mean values in Fig. 8B - it would be beyond the point where the straight 579 

electrode array passes tangentially the modiolus, but would still be ~ 1.86 mm 580 

before the lateral wall of the smallest cochleae. However, the more distant the 581 

electrode from the modiolus during straightener removal, the less space is 582 

available (Fig. 8B). Knowledge of the size of the straight distance (Istr) and the 583 

maximum length till lateral wall is touched allows for individualizing the 584 

implantation procedure; however, due to resolution of clinical CTs, use of 585 

cochlear models may be needed for assessing this parameter precisely 43. 586 

2) The diameter of the modiolus decreases in the apical direction. The precurved 587 

diameter is dependent on the point where the release of the array from the 588 

stylet takes place (Fig. 10). The deeper the implantation, the smaller the 589 

diameter. At present, perimodiolar implants are mainly designed for 590 

implantation into the first turn. Nonetheless, higher cochlear coverage may 591 

provide more independent information channels and thus better speech 592 

understanding 17,55. Thus, perimodiolar arrays always trade optimal position 593 

and risk of tip foldover. 594 

 595 
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The preformed implant should consider that apically the diameter of the curvature 596 

must be small to adhere to the modiolus in apical portions of the cochlea. This, 597 

however, may lead to tip fold-over if the release is taking place at the end of the 598 

straight portion of the implantation (after 45° implantation angle, Figs. 2, 8C and 9), 599 

where the critical radius is much larger than the hypothetical optimal curvature of the 600 

array tip. To prevent tip fold-over in this region, the preformed radius should exceed 601 

1.37 mm. This, however, is larger than e.g. the curling radius of the Contour Advance 602 

electrode array 56. The Contour Advance, likely in the intention to avoid this, has a 603 

conic straight silicone tip that extends for ~ 1 mm and is not curved. This is probably 604 

intended to lean on the modiolus and prevent a foldover. Nonetheless, even 605 

experienced surgeons cannot prevent tip fold-over in all cochleae with this electrode 606 

20,32,33, indicating that this approach is not always successful. 607 

 608 

This critical radius is too large for the more apical portions of the cochlea, where such 609 

curvature would again move the tip of the implant array away from the modiolus. This 610 

is in fact also observable in clinical analyses of the location of the cochlear implant in 611 

the human cochlea with modiolar-close and -distant portions of the array depending 612 

on the angular position 36,57. Our data suggest that particularly implantations >400° 613 

would show the effect - the present day perimodiolar electrodes, fortunately, do not 614 

penetrate beyond this point into the cochlea. 615 

 616 

Furthermore, at the border of the first and the second turn also a critical point of the 617 

vertical profile is observed in half of the cochleae (a vertical jump, 7) that might further 618 

complicate such implantation. However, in perimodiolar positions the vertical profile 619 

was much smoother than in the lateral positions 7. 620 

 621 
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To optimize the implantation procedure and to exclude the risk of a tip fold-over, the 622 

present days electrode designs should aim at a distance to the modiolus of >0.3 mm 623 

or provide larger curvatures (>1.37 mm, best > 2 mm) after release from the 624 

straightener/stylet (Fig. 10). Clinical imaging outcomes of electrode array in use 625 

within the first cochlear turn show distances in the range 0.60 – 1.67 mm (for 626 

Cochlear 532/632 array 0.80±0.10 mm and for 512 array 0.76±0.07 mm; data from 627 

58). Closer locations, and thus true “modiolar hugging electrodes”, particularly those 628 

aiming at implantations beyond 400°, require new surgical and technical approaches 629 

due to the changing diameter of the modiolus. Only electrodes that are implanted 630 

more laterally and subsequently approach the modiolus slowly, after the implant has 631 

been placed (e.g. by the increased temperature in the inner ear in implants 632 

integrating temperature-sensitive memory materials 59) represent a viable approach 633 

for true modiolar-hugging electrodes extending beyond the first turn of the cochlea. 634 

Here, however, the approach to the modiolus should start basally and continue later 635 

apically to prevent that the implant is dragged out of the cochlea (which would occur 636 

if the process was opposite). Such approach may, however, involve a significant 637 

force on the modiolus, with associated risk of trauma. It is worth further 638 

investigations, given that modiolus-hugging electrodes in the past provided such 639 

excellent channel separation (in some patients) that multi-channel compressed 640 

analogue stimulation (providing temporal fine structure) could be clinically used 60. 641 

Similarly, some studies indicate better speech perception with perimodiolar 642 

electrodes 61. 643 

 644 

An interesting suggestion for achieving a better modiolar hugging position in the 645 

basal portion of the cochlea with current design of perimodiolar arrays is the “pull-646 

back” technique 62,63: after full insertion of the perimodiolar array the electrode is 647 
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retracted back to eliminate buckling from the modiolus in the base. This might assure 648 

a better positioning in the base and does reduce the current spread 62. 649 

 650 

Finally, the modiolar variability underscores the surgical challenges in trauma-free 651 

and fold-over-free implantations of perimodiolar arrays. The study strongly 652 

emphasizes the need of individualized implantation procedure for these arrays, with 653 

cochlear imaging and detailed planning using all methods available, including 3D 654 

cochlear models 43.  655 

 656 

Cochlear variability beyond efficient packing 657 

The present results also provide deeper understanding of the cochlear 658 

microanatomical variability and its reasons. Differences were noted in the extent of 659 

variability between A and B measures of the modiolus. Similarly, also in a previous 660 

study this has been described and has been interpreted as the facial nerve having a 661 

larger effect on the B axis of the cochlea compared to the internal carotid’s effect on 662 

the A axis (8, supplementary Fig. 4). Since modiolar variability is in fact larger than 663 

lateral wall variability, this suggests the action of at least two different factors. 664 

 665 

While the present data are largely consistent with the efficient packing hypothesis 8, 666 

they call for an extension of the previous theory. We suggest the action of three 667 

independent factors in cochlear variability: 668 

1) Inherent variability of the overall size of the cochlea affecting both the modiolar 669 

variability and lateral wall variability, a largely inherited factor. Both the A and 670 

B measures correlate with r2 = 0.64 8, and modiolar and lateral wall measures 671 

correlate with the same r2 = 0.49 (present data). This together suggests that 672 

the inherent variability is responsible for the common ~ 50% of the 673 
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interindividual variations in all these measures and that it acts as a common 674 

background for all variations. Most likely it is the size of the skull base 675 

(temporal bone) that affects the overall size of the cochlea and is well 676 

observable in modiolar variability of B measure. This factor thus allows the 677 

cochlea to “grow larger”. 678 

2) Limiting factor of neighboring structures, particularly facial nerve, as observed 679 

previously 8, is the second key player, potentially explaining the large part of 680 

the remaining variation (1-r2 = 0.51). The action of this factor is stronger in 681 

extend at the B axis, where the closest structure, the facial nerve, is found. 682 

Proximity of the facial nerve limits the inherent variability of the lateral wall and 683 

causes this variability to be smaller than the modiolar variability. Limiting 684 

factors affect the growth involved in the inherent variability in some cochleae 685 

by preventing it “growing larger” along a specified direction. Such factors 686 

would be responsible for the complex, irregular geometry of the cochlea 687 

including dips, indentations and jumps in the form, as reported previously 688 

more prominently along the lateral wall 7,8. 689 

3) Measurement noise that constitutes a part of the 51% mentioned in the limiting 690 

factor above. For modiolar wall, this imprecision is larger than for the lateral 691 

wall, the extent of it is, however, not clear. 692 

 693 

These implications suggest that a correlation should be observed between head size 694 

and the cochlear size that explains the inherent variability (r2=0.49). Unfortunately, 695 

the present clinical data do not include this information and therefore it requires 696 

future studies to test this hypothesis.  697 

 698 
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