
• Training with M12N12  (4 to 
14 blocks) until stable PC

• Remaining 17 blocks were 
presented in balanced order.

3. Statistical Analysis

• Factor effects: RM ANOVA

• Saturation tests: Helmert 
contrasts
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EXPERIMENT I: ACUTE TESTS

CONCLUSIONS 

Localization of sounds in the vertical plane is primarily based on spectral 
cues. The information in these cues is related to peaks and notches in the head 
related transfer functions and is most salient at higher frequencies (above 4 
kHz). For the speech, the most important frequency region is below 4 kHz.

The primary function of a cochlear implant (CI) is to provide speech under-
standing to profoundly deaf people. Thus, for the implementation of a spatial 
localization strategy in CIs, it is important to combine the speech and spectral 
cues. However, combining the speech information and spectral cues can 
cause a degradation in speech understanding. This is because of a low fre-
quency resolution in CI listeners (up to 20 frequency channels only) and a re-
duced sensitivity to spectral peaks and notches. 

A potential way to include the spectral cues in a processing strategy could be 
to present the speech information and spectral cues on different electrodes. 
This even may include a change in the frequency-to-place mapping resulting 
in a frequency warping. Of course, with such mappings, good speech under-
standing in quiet and noise without spectral cues is a prerequisite for further 
investigations.

In this study we changed the upper-frequency boundary of speech informa-
tion and used frequency warping to determine the number of electrodes re-
quired for good speech understanding. This allows us to determine if an in-
clusion of spectral cues is possible in future CI processing strategies.
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Fig. 1: Example frequency-place mappings
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3. Conditions (Fig. 2) 

• 18 combinations of M and N presented in quiet and in noise (SNR: +10 dB, 
+5 dB, and 0 dB).

4. Procedure

• Verbal repetition of the words, the number of correct words was recorded.

• One block contained one combination of M and N with 10 presentations as 
warm-up (condition: quiet) and 20 presentation of each SNR (random order).

1. Subjects

• 7 CI listeners using direct electric stimulation

• 6 NH listeners using an acoustic CI simulation (noise-vocoder)

2. Stimuli

• OLSA Sentences: 5-word German nonsense sentences

• The frequency-to-place mapping (Fig. 1) was altered by:

➢ varying the upper-frequency boundary (M) while holding the lower- 
frequency boundary fixed at 300 Hz, and

➢ varying the number of electrodes (N).

4. Results: Matched Conditions (M = N = N'; Fig. 3):

• Saturation in performance with increasing N' up to:

➢ NH, in quiet: N' = 8 (N'6 vs. N'>6: p < 0.05; N'8 vs. N'>8: p = 0.89).

➢ NH, in noise: N' = 10 (N'8 vs. N'>8: p < 0.05; N'10 vs. N'>10: p > 0.63).

➢ CI, in quiet and 5 dB SNR: N' = 8 (N'6 vs. N'>6: p < 0.05; N'8 vs. N'>8: p > 0.061).

➢ CI, in 0 and 10 dB SNR: N' = 10 (N'8 vs. N'>8: p < 0.05; N'10 vs. N'>10: p > 0.44).

• Agrees with Garnham et al. (2002): Eight channels required (lower and upper 
frequency boundaries constant).

• Agrees with Başkent and Shannon (2005): Eight channels required (upper-
frequency boundary constant).

• Number of required channels appears to be independent of type of spectral 
manipulation when no frequency warping is involved.

2. Results: Unmatched Conditions (M ≠ N; Fig. 4):

• Conditions not different from baseline (M12N12; p > 0.05):

➢ NH: M10N12, M12N10, M10N10, M8N8. 

➢ CI: M10N12, M12N10, M10N10, M10N8, M8N8.

• Changes greater than ± 2 N (electrodes) from the matched conditions result in sig. decrease in PC.

• Changes greater than ±  2 M (upper-frequency boundary) from the matched conditions result in 
significant decrease in PC. This corresponds to a shift of ± 0.77 octaves of the most basal electrode and 
a decreasing shift towards the most apical electrode. This shift is greater than other studies that do not 
hold the lower frequency boundary fixed (e.g. Başkent and Shannon, 2004).

• Asymmetric decrease in ΔPC: Removing spectral content or electrodes is more detrimental than adding 
spectral content or electrodes.

Fig. 4: Results for the unmatched conditions: PC scores relative to the matched 
conditions. Left panels: Fixed spectral content (M). Right panels: Fixed number of 
channels (N). Vertical dotted lines show the matched conditions. Filled symbols show 
significant differences (p < 0.05).N
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Fig. 5: Learning experiment results for 3 NHs over 8 sessions. 
Session s0 is from the unmatched conditions in Fig. 4.

1. Increasing the number of matched channels beyond eight to ten does not 
improve speech understanding substantially, depending on SNR.

2. Slight changes in frequency-place mapping do not cause significant decreases:

• Conditions: M10N12, M12N10, M10N10, M8N8, or 

• Generally, ±2 electrodes  or ±0.77 octaves (for the most basal electrode, with 
fixed lower-frequency boundary).

3. The results indicate that eight electrodes might be used as “speech electrodes” 
and the remaining four could be used as “spatial electrodes” in a sound local-
ization strategy. However, more than a straight forward frequency mapping, as 
was done for M14N12, is required in a future CI sound localization strategy.
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1. Methods (differences to Exp. I):

• One session si: feedback training with subsequent testing.

• Two tests: (M6N6 and M6N12) and (M6N6 and M12N6).

• Eight sessions (s1 to s8) per test. Three subjects, NH listeners only.

2. Results (Fig. 5):

• M6N6: no sig. learning after 2nd  session (s1  vs. s>1: p = 0.002, s2  vs. s>2: p=0.36),  
performance saturated within 8 sessions (s6,7,8 test 1 vs. s6,7,8 test 2: p = 0.51).

• M6N12: no sig. learning after 3rd session (s2 vs. s>2: p = 0.007, s3 vs. s>3: p=0.17).

• M12N6: no sig. learning at all (s1 vs. s6,7,8: p = 0.1).

• All three conditions before and after training are significantly different (p < 0.001) 
to the untrained baseline condition M12N12. Thus, the training did not change the rel-
ative differences between the conditions. 

Tab. 1: Results for extended frequency range 
conditions.

• Contains frequencies up to 16 kHz and res-
ults in a frequency shift of -0.88 octave for 
the most basal electrode.

• Significant decreases for CIs in conditions 
quiet and 10 dB SNR (see Tab. 1). 

• The shift is a little bit higher than the shift in 
M12N10  (-0.77 oct.), for which the perform-
ance does not significantly decrease. Upper 
frequency boundary of 14.5 kHz (-0.74 oct.) 
may be appropriate in the future.

• Difference between NH and CI: possible ceil-
ing effects in NH listeners' results.

Fig. 3: Results for 
matched conditions 
(M = N = N').  

Upper-right panel:
 NH listeners

Upper-left panel:
 High-performance CI

Lower panels:
 Low-performance CI
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EXPERIMENT II: TRAINING
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