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Abstract

Hypothesis: Using patient-customized cochlear measurements obtained from pre-operative CT 

scans to guide insertion of cochlear implant (CI) electrode arrays will lead to more optimal 

intracochlear positioning.

Background: Cochlear duct length is highly variable ranging from 25.26–35.46mm (Hardy, 

1938), yet CI electrode arrays are treated as one size fits most. We sought to investigate the impact 

of patient-customized insertion plans on final location of electrode arrays.

Methods: Twenty cadaveric temporal bone specimens were CT scanned and randomly divided 

into groups A and B. Group A specimens had an optimal customized insertion plan generated 

including entry site (e.g. round window (RW) versus extended RW), entry vector based on 

anatomical landmarks (e.g. hug posterior aspect of facial recess and angle 1mm inferior to stapes), 

depth to begin advancing off stylet, and final insertion depth. Suboptimal plans were chosen for 

group B by selecting an approach that was normal yet predicted to result in poor final electrode 

location. One surgeon, blinded as to group, carried out the CI insertions following which the 

electrode array was fixed using superglue and the specimen CT scanned to allow assessment of 

final electrode location.

Results: Average perimodiolar distance for groups A and B were 0.51 and 0.60 mm, 

respectively. For group A, full scala tympani insertion was achieved in all specimens while in 

group B, four of ten specimens had scalar translocation.

Conclusions: Patient customized cochlear implant insertion techniques achieved better 

positioning of electrode arrays in this study and have potential for improving electrode positioning 

in patients.
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Introduction

Cochlear implants (CIs) are surgically implanted neural prosthetic devices used to treat 

severe-to-profound hearing loss. With well over 324,000 recipients worldwide, CIs are 

considered standard of care treatment for severe-to-profound sensorineural hearing loss [1]. 

CIs restore hearing by applying electric potential to neural stimulation sites in the cochlea 

with a surgically implanted electrode array (EA). Implants available today produce 

remarkable results for the vast majority of recipients with average postoperative word and 

sentence recognition approximating 60% and 70% correct, respectively, for unilaterally 

implanted recipients and 70% and 80% correct for bilateral recipients [2–6]. Despite this 

success, a significant number of users receive marginal benefit, and restoration to normal 

fidelity is rare even among the best performers.

Cochlear implant EAs can be broadly divided into straight and pre-curved models. Straight 

arrays are intended to follow and rest against the outer wall of scala tympani (ST). In 

contrast, pre-curved arrays are designed such that their resting state curvature roughly 

approximates that of an average human cochlea facilitating perimodiolar positioning, i.e., 

positioning the electrodes close to the inner (modiolar) wall of ST. In practice, a pre-curved 

array is loaded onto a straightening stylet which is inserted into the basal turn following 

which it is advanced off the stylet (AOS) and resumes its coiled shape as it navigates the 

cochlear turns. Perimodiolar positioning is desired because it both (i) uses less energy for 

stimulation and (ii) results in better spectral resolution and potentially patient outcomes by 

providing more discrete stimulation with less interference from neighboring electrodes [7]. 

However, because the interior of the cochlea is invisible to the surgeon, the intra-cochlear 

path of the array and final positioning (perimodiolar versus lateral placement) of the EA are 

generally unknown.

Research by multiple groups has shown that atraumatic, perimodiolar placement of 

precurved EAs within ST maximizes post-implantation hearing outcomes [7–9]. However, 

pre-curved EAs have a high rate of translocation (Wanna et al. [10] report 42%) and are 

typically not perimodiolar [11]. Despite overwhelming evidence that sub-optimal EA 

placement is linked with poorer outcomes and that intracochlear anatomical variability is 

substantial [12–13], technical innovations introduced by CI companies have focused on 

generic, one-size-fits-most EA design rather than customized insertion techniques based on 

patient specific anatomy. A notable exception is the variable length straight electrodes (24, 

28, and 31mm) available from one manufacturer (Medel, Innsbruck, Austria). In selecting 

which length to use, measurement of the cochlear duct is performed on preoperative CT 

scans [14]. However, this approach requires expertise in reorienting and measuring CT scans 

and has recently been shown to have low repeatability [15] and, to date, no impact on final 

hearing outcomes.

A major issue that has limited advancement in this area is difficulty in accurately measuring 

cochlear anatomy because intracochlear structures approach the typical resolution of clinical 

CTs. To overcome this limitation, research by our group has led to the development of 

automated image analysis algorithms that rely on a high-resolution micro-CT (μCT) atlas of 

cadaveric cochlear anatomy to predict patient-specific cochlear anatomy in a clinical CT 
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image with a high degree of accuracy [16–17]. Because these techniques are accurate and 

completely automated, they remove both the technical and clinical barriers for patient-

specific analyses of the cochlea and enable development of patient-customized CI electrode 

placement procedures. In this work, we present preliminary results from a blinded, 

randomized temporal bone study comparing final EA position for cochleae implanted with 

customized optimal insertion plans versus suboptimal insertion plans.

Methods

In this work, we hypothesize that analysis of temporal bone anatomy, i.e., the shape of ST 

and SV, in the pre-operative CT image can be used to recommend an approach vector, array 

base insertion depth, and AOS depth and orientation for pre-curved EAs. To segment ST and 

SV, we use a non-rigid statistical shape model [18] created with μCT images of 9 cochleae 

specimens in which intra-cochlear structures are visible [16–17]. These models are then 

automatically fit to the external boundary of the patient cochlea that is visible in 

conventional CT allowing highly accurate estimation of the position of internal cochlear 

structures not visible in the CT. Figure 1a–c shows a portion of a pre-operative CT scan and 

the results obtained with our segmentations presented as 3D surfaces and 2D contours.

To make recommendations for the insertion procedure, we expand upon a technique 

proposed to estimate the optimal final position of the array for a patient based on their 

cochlear shape [11]. First, an EA shape model is created. While our methods could apply to 

any pre-curved array, in this work we chose to use the Advance Bionics Mid-Scala (MS) 

array due to the availability of practice arrays for use in this study. The model is created by 

acquiring a CT image of the EA in air under no load and measuring the 3D position of each 

electrode in the array in the image. This provides an estimation of the resting state shape of 

the array. Next, to define the ideal modiolar position of the array for a new patient, the ideal 

modiolar position of ST is localized in our statistical shape model that we use to localize 

intra-cochlear anatomy. This was done by manually defining a 3D modiolar hugging curve 

as a sequence of points within the ST using 3D object editing software developed in-house. 

This manually defined modiolar hugging curve is automatically transformed to each 

patient’s pre-implant CT using a Thin Plate Spline registration [20] of the model ST surface 

to the patient’s ST surface. The result of this process is shown as the blue curve in Figure 1d. 

Finally, the EA shape model is rigidly registered to the patient’s modiolar curve using an 

iterative closest point registration technique [21] which places the resting state shape of the 

EA within the patient’s ST such that the EA best matches the patient’s modiolar curve as 

shown in Figure 1 (d), which depicts the EA shape model (green) after registration to the 

modiolar curve (blue). This registered EA shape model is used to determine patient-

customized insertion plans specifying (i) overall insertion depth, (ii) AOS insertion depth, 

and (iii) trajectory orientation as described below.

To determine overall insertion depth, we use the technique described by Wang et al. [11] to 

specify where the base marker should be placed relative to the entry into the cochlea (e.g. in 

Figure 1d, the depth is specified as 2mm outside of the cochlea). To determine the depth at 

which AOS is to begin, we combine the resting state shape of the array with the stylet 

position-dependent trajectory model proposed by McBrayer et al. [23]. To do this, a group of 
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9 practice MS arrays underwent AOS deployment in increments of approximately 2mm 

(exact distance of stylet withdrawn was measured precisely using digital calipers under a 

microscope) with 3D reconstruction at each interval of deployment facilitated by CT 

scanning. Three interval results of this process are shown in Figure 3, superimposed onto a 

patient’s cochlea. The last panel corresponds to the shape of the array with the stylet fully 

withdrawn (i.e. the resting state shape). Using these 9 exemplars, we can simulate the shape 

of the array at any AOS distance by interpolating a weighted average between shapes. For 

interpolation we treat each EA as a sequence of linear segments attached at joints 

corresponding to each electrode. To predict interval shapes comprising the trajectory of an 

EA electrode undergoing AOS, we linearly interpolate the joint angles between exemplar 

arrays. Applying this model to the generically recommended AOS depth, agreement between 

the EA trajectory and the modiolar curve was found to average approximately 0.5mm [23]. 

To determine each patient-customized AOS depth, this model was aligned with the 

individualized cochlear anatomy with AOS depth chosen as that which resulted in the best 

agreement between the model and modiolar curve (see Figure 1d). Finally, recommended 

orientation is chosen as the orientation of the aligned model, which matches the orientation 

of the basal turn of the ST.

Choosing the best entry vector and site is done by determining a trajectory that is as close as 

possible to being collinear with the basal turn of the ST while also passing through the facial 

recess and either an extended round window cochleostomy, or, preferably, directly through 

the round window. An example of an optimal array entry vector (yellow cylinder) with the 

structures of interest, which are automatically segmented in pre-operative CT using 

previously published techniques [29,30], is shown in Figure 1e. In this case, the optimal 

entry vector that is collinear with the base of the ST passes directly adjacent to the facial 

nerve through an extended RW entry site of the ST, thus this would be the recommended 

entry vector and site for this case.

We evaluated our approach using a set of 20 temporal bone specimens. Each specimen 

underwent CT scanning using clinically applicable protocols. After performing a 

mastoidectomy and posterior tympanotomy, each specimen was implanted by an 

experienced surgeon. The specimens were randomly divided into two groups (A and B). For 

each specimen in group A, using the pre-operative CT scan, an optimized plan was 

generated as proposed above. Group B served as the control group with a realistic plan but 

predicted by our process to lead to poor electrode placement. The surgeon was blinded 

regarding which group an individual specimen was randomized into.

A quantitative summary of the instructions for each case are included as Supplementary 

Table 1. For each case in the table, shown are whether it belongs to the proposed method (A) 

or control (B) group, the angle between the orientation of the basal turn and the proposed 

entry trajectory in both superior-inferior (S-I) and anterior-posterior (A-P) directions, and 

the orientation of the electrodes relative to orientation of the basal turn. These angular 

measurements are visualized in Figure 1e. Also shown in Supplementary Table 1 are the 

recommended entry approach of either round window (RW) or extended round window 

(ERW), the recommended depth to initial AOS relative to the generically recommended 

AOS depth, and the recommended overall insertion depth relative to the generically 
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recommended insertion depth. To show how different the control plan AOS and insertion 

depths are from what the plan using the proposed approach would be for these cases, also 

shown for the control cases are the optimal AOS and overall depth of insertions determined 

by our proposed techniques. For cases 1–10, we had not yet implemented the image-guided 

recommendation for the electrode orientation relative to the basal turn orientation, and thus 

this column is empty. Visualizations of the EA model projected onto the ST for a control 

case (#12) are shown in Figure 3. As can be seen in the figure, for this case using the 

electrode trajectory model, a good AOS depth and sub-optimal overall depth were chosen for 

the control plan. Further, as shown in Supplementary Table 1, the entry vector was deviated 

from the optimal approach in this case. Group B plans such as this one were designed such 

that they disagree with the optimized plan in one or more quantities, but have an entry vector 

that falls within the range of typical entry vectors and have insertions depths that vary 

closely around the generically recommended depths.

The surgeon was presented the insertion plan in textual format. For the sake of simplicity 

and so that it was feasible for the surgeon to implement the plan, we converted the specific 

insertion vector angle quantities and electrode insertion depths into relatively coarse 

instructions related to reference structures that could be directly visualized. For example, 

one plan (case 12) was:

Entry site: Insert through the RW membrane.

Entry vector: Choose entry angle to pass through the middle of the facial recess. Face 

electrodes between the stapes footplate and IS-joint.

AOS depth: Insert array on stylet until the AOS marker is 1.5 mm inside the round 

window and electrode 7 is even with the RW.

Base insertion depth: Advance off the static stylet until proximal insertion depth 

marker reaches the round window.

The instructions for all cases were selected such that they were coarse enough that they were 

easy to implement. For example, the posterior-anterior angle of the entry vector could hug 

the anterior wall, posterior wall, or pass through the middle of the facial recess, and the 

superior-inferior angle of the entry vector could either pass 1 mm inferior to the stapes, 

through the middle of the facial recess, or hug the inferior portion of the facial recess. After 

implantation, a post-implantation CT was acquired to evaluate electrode position using 

automated techniques that have been previously developed [24–25]. Outcome measures 

included scalar location, modiolar distance, angular insertion depth, and base insertion 

depth.

In addition to the temporal bone dataset, with IRB approval we also used our image analysis 

techniques to retrospectively determine the same electrode position outcome measures in CT 

images from a group of 17 patients who have been implanted with MS arrays at our center. 

Outcomes measured in this dataset serve as a clinical baseline to be compared to outcomes 

in our A and B groups.
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Results

The image processing computations for each case required approximately 2 minutes to 

execute on a standard PC. The results for each individual case in our study are shown in 

Table 1. In the table, shown are the group, resulting scalar location (“ST” for full ST 

placement versus “ST-SV” for arrays that translocate from ST into SV), angular depth of 

insertion in degrees, the average distance of the electrodes to the modiolus (Mean Modiolar 

Dist), and the overall depth of insertion measured as the signed distance between the depth 

marker and the round window, with negative distances indicating extracochlear placement of 

the depth marker. Electrode position was measured using automated techniques [24–25] in 

postoperative CT scans and confirmed visually using high resolution μCTs for each 

specimen. Optimal outcome would be scalar location within the ST with high angular depth 

of insertion, small modiolar distance, and good agreement between the actual and planned 

overall insertion depth. Overall statistics are shown in Table 2. Also shown in the table are 

the results from the group of 17 actual patients (Pat) who have been implanted with MS 

arrays at our center. Two-tailed rank sum tests were used to assess statistical differences in 

the rate of scalar location among the different groups. Unpaired two-tailed t-tests were used 

to assess statistical differences in angular depth, modiolar distance, and agreement between 

the actual and planned insertion depth of the base of the array. As shown in Table 2, no 

statistically significant differences were detected between the control and patient groups, 

implying that our control test instructions and results were not dissimilar to traditional 

surgical techniques.

Our patient-customized insertion plans, Group A, resulted in full ST placement in every 

case, which was a statistically significantly higher rate of full ST placement than the control 

tests, Group B, and the patient cases. Statistically significant differences were not detected in 

angular insertion depth nor in the difference between the actual and the planned base 

insertion depth. Thus, adherence to the planned base insertion depth was good. The 

exception is case 17, where under-insertion occurred. This was the only case resulting in 

extra-cochlear electrodes (E15-E16). It is unknown whether this array was under-inserted 

initially or backed out after the insertion procedure due to suboptimal fixation. Overall mean 

modiolar distance was reduced with group A plans, but this difference was not found to be 

statistically significant in this relatively small study with N=10 samples in each A and B 
group. Based on our current dataset, we estimate an N=24 study would provide power of 0.8 

to detect a significant difference.

To show differences on an electrode-by-electrode basis, Figure 4 depicts the average 

modiolar distance for each of the 16 electrodes at their average angular insertion depth for 

the control, Group B, (red) and patient-customized, Group A, (green) cases. The vertical 

lines in the figure represent the standard deviation of the modiolar distance for each 

electrode. This plot shows that on average across the control experiments, the middle portion 

of the array is lifted away from the modiolus, even though the insertion depth marker was 

not advanced past the round window for any case. The group A plans are more perimodiolar 

for the middle and apical portions of the array while sacrificing some modiolar proximity at 

the base of the array. Two sample, two-tailed t-tests with unequal variance were performed 

for each electrode individually across the A and B groups. After Bonferroni correction for 
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multiple comparisons, it was found that the group A plans resulted in significantly lower 

modiolar distance for E6–E9 and significantly higher distance for E15-E16. This can be 

visually appreciated in three-dimensional renderings of representative group A and B cases 

shown in Figure 2. As can be seen in the figure, the middle portion of the array in the control 

case 3 (a, b) lifts away from the modiolus, whereas the array in the group A case 18 (c, d) is 

perimodiolar.

General linear models were used to detect which guidance quantities, if any, were 

significantly associated with the final scalar location, angular depth, and mean modiolar 

distances. We found scalar translocation to be significantly associated with disagreement 

between the planned and optimal basal turn trajectory superior-inferior angle (r=0.83; 

p=6e-4). Mean modiolar distance was associated with differences between optimal and 

planned base insertion depth, entry point, and basal turn trajectory superior-inferior angle 

(r=0.77; p=2e-3). Overall angular depth was associated with differences between planned 

and optimal entry point and basal turn trajectory anterior-posterior angle (r=0.72; p=2e-3).

Discussion

Health care is rapidly entering the era of personalized medicine, also known as precision 

medicine, in which treatment modalities are tailored to individual patient attributes. First 

applied to pharmacogenetics (i.e. selecting drugs based on genetic traits), it is also true for 

devices particularly with skeletal implants (e.g. craniofacial reconstructions, joint 

replacements). Within the field of cochlear implantation, we have yet to enter this new era 

and continue to use universal sized electrodes to fit all cochlea despite evidence that the 

cochlea exhibits large inter-patient variability (Hardy, 1938). The excellent average 

postoperative word and sentence recognition scores of approximately 60% and 70% correct, 

respectively, achieved with the standard-of-care approach are widely attributable to the 

plasticity of the central nervous system adapting to the electrical input, yet better matching 

of CI EA’s to the anatomy via a personalized approach has promise of leading to even better 

potential performance.

For this first implementation of a patient-customized, image-guided insertion plan, we 

developed a strategy for conveying insertion plans without the use of intra-operative tracking 

in an effort to facilitate clinical adoption. All of the surgical technique recommendations 

were provided to the surgeon in the form of textual instructions that referenced anatomical 

landmarks. Our initial findings (Table 1) indicate that the implanting surgeon could follow 

these instructions well routinely achieving excellent matching of the proposed insertion 

depth with the measured insertion depth (range 0–1.5mm, average=0.7mm, median =1.1mm, 

mode=0mm) excluding an outlier of 2.9 mm thought to have occurred secondary to 

migration before adequate fixation.

Our findings confirm that generic insertion plans tend to lead to over-insertion accompanied 

by buckling of the EA away from the modiolus and against the lateral wall. Once the base of 

the array has been inserted to the recommended depth, it is likely that the array has returned 

to its resting shape and the tip of the array has reached the desired angular insertion depth 

with any further insertion not leading to further advancement of the tip. A clinical example 
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case where this has likely occurred is shown in Figure 2a where the basal depth marker was 

inserted ~2mm past the recommended depth. Advancement of the base of the array beyond 

the recommend depth resulted in the lateral displacement of the EA away from the modiolar 

wall in the mid region. On the other hand, inserting the base of the array shallower than the 

recommended depth may lead to shallower depth of the tip of the array, which also could be 

detrimental to outcome as the range of nerves stimulated may be reduced.

A potential drawback of our approach which tends to recommend shallower insertion depths 

is that the most basal electrodes (e.g., E15, E16) are more distant from the modiolus (Figure 

4). However, these electrodes could be deactivated with recent research studies supporting 

improvement in outcomes with deactivation of suboptimally positioned electrodes [26–28]. 

We hypothesize that the benefits of better perimodiolar positioning of the rest of the array 

will outweigh this potential drawback.

One limitation of our approach as it was initially implemented is that it references a 

surgically created space, the facial recess, whose shape cannot be precisely predicted from 

pre-operative CT scans. We used relatively coarse instructions (e.g., hug the posterior wall, 

the anterior wall, or remain in the mid region of the facial recess) but found that such 

instructions correlated with final electrode positioning as assessed by general linear 

modeling. To further explore this, in future work we will evaluate how well the surgically 

implemented vector agrees with the planned one using optically tracked insertion tools. 

Another limitation is the use of a single EA. In future studies, we plan to evaluate our 

techniques with additional EAs including the Contour Advance (CA) and 532 (Cochlear 

Corporation; Sydney, Australia). Towards this end, we have already created an array 

trajectory model for the CA similar to the one used in this study for the MS. In 

Supplementary Figure 1, we have registered the MS and CA models and found the resting-

state shape of the two to be quite similar. We also have performed retrospective analysis the 

CA and MS EA’s using post-operative CT scans of CI patients in our imaging database and 

have found positioning of the two arrays to be quite similar (MS: average insertion depth = 

393°, average modiolar distance = 0.54mm (N=17); CA: average insertion depth = 377°, 

average modiolar distance = 0.48 mm (N=79)). Thus, we anticipate that the methods we 

have evaluated in this study will lead to similar results with CA arrays. Yet another 

limitation is that our patient-customized, image-guided insertion plan are only applicable for 

cochleae free of anatomical malformations. And, while pre-curved arrays were the focus of 

this work, our techniques could also be applied to straight EAs with slightly different 

strategies necessary to recommend overall insertion depth and angle of insertion.

Conclusions

In this work, we have proposed and implemented a simple, image-guided approach for 

patient-customized CI electrode insertion. Preliminary results indicate that this method 

results in significantly higher rates of ST placement and better perimodiolar positioning of 

the middle section of the EA. We plan to confirm these exciting preliminary findings in a 

larger study and explore the potential impact on hearing outcomes.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Shown are the three steps in the proposed image-guided insertion planning process. In (a) 

are automatically segmented surfaces of the scala tympani (red), scala vestibuli (blue), and 

modiolus (green). Shown in (b) and (c) are slices in the corresponding pre-operative CT scan 

with superimposed structure contours. Shown in (d) are the array model (contacts in green) 

registered to the modiolar curve (blue) of the patient’s scala tympani (white), as well as the 

overall insertion depth recommended based on this registered model. In (e), shown is the 

view down the control trajectory (green circle) implemented for case #12 relative to the 

facial nerve (magenta), chorda tympani (green), ossicles (aqua), and external auditory canal 

(yellow). The optimal trajectory, which is collinear with the basal turn, is shown as the 

yellow cylinder. The angle of the control trajectory relative to the optimal trajectory is shown 

for the S-I and A-P directions. The angle between the control and optimal electrode 

orientation is also shown.

Labadie and Noble Page 11

Otol Neurotol. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Shown are the modiolar curve (blue), registered model array (green), and actual final 

electrode position (red) for case 3 in (a) and 18 in (c) noting that insertion to the generic 

insertion depth in (a) caused the electrode to become laterally displaced while the electrode 

in (c) has better perimodiolar position. A lateral-to-medial view of case 3 (b) and 18 (d) 

show full ST positioning in (d) and a scalar translocation in (b).
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Figure 3. 
Shape of the array as it is advanced off the stylet using the control plan AOS and insertion 

depths for case #12. Shown are the resting state shape of the array when it is advanced 0 mm 

(a) and 2 mm (b) off the stylet with the stylet at a depth of 7 mm and, in (c), once full 

insertion depth is reached and the stylet is fully retracted (c).
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Figure 4. 
Average modiolar distance and insertion depth for each electrode in the A (green) and B 
(red) groups. Vertical lines indicate standard deviation of modiolar distance.

Labadie and Noble Page 14

Otol Neurotol. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Labadie and Noble Page 15

Table 1.

Experimental Results for Each Case

Case Group Scalar Location Angular Depth (°) Mean Modiolar Dist 
(mm)

Actual Overall Depth 
(mm) |Actual-Plan Depth| (mm)

1 B ST-SV 276 0.86 −1 1.5

2 A ST 383 0.51 0 0.5

3 B ST-SV 406 0.62 0 0

4 A ST 367 0.41 −2.1 0.1

5 B ST 378 0.61 −1.5 1.5

6 A ST 382 0.49 0 0.5

7 B ST-SV 406 0.75 0 0

8 A ST 356 0.63 −2.6 0.1

9 B ST 375 0.44 −0.8 0.8

10 A ST 359 0.61 −4 1.5

11 B ST 404 0.54 0 0

12 B ST-SV 388 0.75 −0.9 0.9

13 A ST 362 0.43 −2.1 1.1

14 A ST 352 0.61 −2.9 0.4

15 A ST 358 0.48 −2.5 0

16 B ST 373 0.37 −1.4 0.9

17 A ST 327 0.52 −5.4 2.9

18 A ST 375 0.37 −2.8 0.3

19 B ST 383 0.49 −1.3 0.3

20 B ST 372 0.56 −1.2 0.7
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Table 2.

Group wise results for proposed and control methods

Value Group Scalar Location (ST%) Angular Depth (°) Mean Modiolar Dist (mm) |Actual-Plan Depth| (mm)

Average

A 100 362 0.51 0.74

B 60 376 0.60 0.66

Pat 47 392 0.54 1.05

St. Dev.

A 16 0.09 0.89

B 38 0.15 0.58

Pat 75 0.13 0.74

p

A vs B 0.030 0.302 0.115 0.815

A vs Pat 0.006 0.130 0.501 0.368

B vs Pat 0.543 0.473 0.284 0.145
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