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Objectives: In an attempt to improve spectral resolution and speech 
intelligibility, several current focusing methods have been proposed to 
increase spatial selectivity by decreasing intracochlear current spread. 
For example, tripolar stimulation administers current to a central elec-
trode and uses the two flanking electrodes as the return pathway, creat-
ing a narrower intracochlear electrical field and hence increases spectral 
resolution when compared with monopolar (MP) stimulation. However, 
more current is required, and in some patients, specifically the ones with 
high electrode impedances, full loudness growth cannot be supported 
because of compliance limits. The present study describes and analyses 
a new loudness encoding approach that uses tripolar stimulation near 
threshold and gradually broadens the excitation (by decreasing compen-
sation coefficient σ) to increase loudness without the need to increase 
overall current. It is hypothesized that this dynamic current focusing 
(DCF) strategy increases spatial selectivity, especially at lower loudness 
levels, while maintaining maximum selectivity at higher loudness levels, 
without reaching compliance limits.

Design: Eleven adult cochlear implant recipients with postlingual hearing 
loss, with at least 9 months of experience with their HiRes90K implant, 
were selected to participate in this study. Baseline performance regard-
ing speech intelligibility in noise (Dutch matrix sentence test), spectral 
ripple discrimination at 45 and 65 dB, and temporal modulation detec-
tion thresholds were assessed using their own clinical program, fitted 
on a Harmony processor. Subsequently, the DCF strategy was fitted on a 
research Harmony processor. Threshold levels were determined with σ 
= 0.8, which means 80% of current is returned to the flanking electrodes 
and the remaining 20% to the extracochlear ground electrode. Instead 
of increasing overall pulse magnitude, σ was decreased to determine 
most comfortable loudness. After 2 to 3 hr of adaptation to the research 
strategy, the same psychophysical measures were taken.

Results: At 45 dB, average spectral ripple scores improved significantly 
from 2.4 ripples per octave with their clinical program to 3.74 ripples per 
octave with the DCF strategy (p = 0.016). Eight out of 11 participants had 
an improved spectral resolution at 65 dB. Nevertheless, no significant 
difference between DCF and MP was observed at higher presentation 
levels. Both speech-in-noise and temporal modulation detection thresh-
olds were equal for MP and DCF strategies. Subjectively, 2 participants 
preferred the DCF strategy over their own clinical program, 2 preferred 
their own strategy, while the majority of the participants had no prefer-
ence. Battery life was decreased and ranged from 1.5 to 4 hr.

Conclusions: The DCF strategy gives better spectral resolution, at lower 
loudness levels, but equal performance on speech tests. These outcomes 
warrant for a longer adaptation period to study long-term outcomes and 
evaluate if the outcomes in the ripple tests transfer to the speech scores. 
Further research, for example, with respect to fitting rules and reduction 
of power consumption, is necessary to make the DCF strategy suitable 
for routine clinical application.

Key words: Cochlear implant; Current focusing; Loudness encoding; 
Spectral resolution; Tripolar stimulation.
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INTRODUCTION

Although average speech understanding has improved in 
cochlear implant (CI) users in recent decades due to improved 
CI technology, patients who are implanted with the same device 
show large variability in speech understanding (Lazard et al. 
2012). This is, at least in part, due to differences in the abilities 
of the CI users to resolve spectral contrast, also termed “spec-
tral resolution.” Spectral resolution can be measured with spec-
tral ripple tests, like the recently developed spectral-temporally 
modulated ripple test (SMRT) (Aronoff & Landsberger 2013). 
Several studies revealed that performance on the SMRT is cor-
related with speech understanding, specifically in difficult lis-
tening conditions (Holden et al. 2016; Lawler et al. 2017; Zhou 
2017). Moreover, this relation between spectral resolution and 
speech perception in noise seems to hold across different spec-
tral ripple tests (Henry & Turner 2003; Litvak et al. 2007b; Won 
et al. 2007).

Spectral resolution can be limited by poor spatial selectiv-
ity, the degree of spread of neural activity across cochlear place 
(Azadpour & McKay 2012). Spatial selectivity is influenced 
by the electrode–neuron interface, that is, by how individual 
electrode contacts interact with the auditory nerve (Jones et al. 
2013). Notably, there is large variability in measures of spatial 
selectivity, both between and within subjects (Bierer & Faulkner 
2010). Two components of the electrode–neuron interface are 
thought to underlie these intersubject differences: (1) the elec-
trode-to-neuron distance and (2) spiral ganglion survival (Bierer 
2010; Bierer et al. 2015). The distance between electrode con-
tacts and their corresponding neurons is influenced by the elec-
trode design, the surgical placement of the implant (Wardrop et 
al. 2005a; Wardrop et al. 2005b), the insertion depth (Finley & 
Skinner 2008), and bone and tissue growth within the cochlea. 
Spiral ganglion cell count is determined mainly by the underly-
ing cause and duration of the hearing loss (Nadol et al. 1989).

CIs have multiple electrode contacts along the scala tym-
pani, and each electrode is potentially capable of electrically 
stimulating a different subpopulation of the surviving auditory 
neurons in the cochlea. These contacts are usually stimulated 
in so-called monopolar (MP) mode in which the current is 
returned to a far-field electrode contact. As a result, the electri-
cal potential field patterns are broad. This causes neighboring 
electrodes to activate overlapping populations of neurons, espe-
cially if the electrode-to-neuron distance is substantial, because 
this decreases spatial selectivity and reduces the number of 
spectral channels that can be distinguished (Bierer 2010). Poor 
spiral ganglion survival can be addressed in part by increas-
ing the current amplitude, although this, in turn, increases the 
current spread and can therefore exacerbate the issue described 
earlier.

In an attempt to improve spatial selectivity, and therefore 
spectral resolution and speech intelligibility, several current 
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focusing methods have been proposed that increase spatial 
selectivity by reducing intracochlear current spread. Computer 
modeling data (Kalkman et al. 2015), as well as animal (Kral 
et al. 1998) and human (Bierer 2007; Berenstein et al. 2008; 
Bierer 2010; Landsberger et al. 2012; Zhu et al. 2012; Smith et 
al. 2013; Padilla & Landsberger 2016) data, show that current 
focusing creates a narrower intracochlear electrical field and 
hence increases spectral resolution compared with MP stimu-
lation. For example, tripolar (TP) stimulation administers cur-
rent to a central electrode and uses two flanking electrodes as 
the return pathways. This current focusing strategy improves 
speech understanding, with some researchers suggesting that 
especially poor performers would benefit from TP stimulation 
(Srinivasan et al. 2012; Bierer & Litvak 2016). However, this 
gain comes at the expense of an increased amount of current 
required to achieve a given loudness. In some patients, specifi-
cally in patients with high electrode impedances, only part of 
the dynamic range can be covered within the compliance limit 
of the implant (Kral et al. 1998; Mens & Berenstein 2005; 
Bierer 2007). Moreover, because the stimulus level partly deter-
mines the current spread, the benefit in the spectral domain may 
be compromised at higher loudness levels (Khalili Moghaddam 
et al. 2014).

The problem of limited loudness growth was addressed by 
the introduction of a partial TP (pTP) strategy in which only a 
fraction σ (called the compensation coefficient) of the current 
is returned to the flanking electrodes (Mens & Berenstein 2005; 
Berenstein et al. 2008). In fact, this strategy uses a superposi-
tion of the MP and TP stimulation strategies. Relative to the 
TP strategy, the pTP strategy results in greater loudness at the 
expense of less selective stimulation. Despite the reduced level 
of current focusing, pTP stimulation improves spectral ripple 
discrimination (Berenstein et al. 2008; Smith et al. 2013), while 
speech perception showed to be improved in some (Srinivasan 
et al. 2013; Wu & Luo 2013), but not in all studies (Berenstein 
et al. 2008; Bierer & Litvak 2016). Nogueira et al. (2017) devel-
oped a stimulation mode called the dynamically compensated 
virtual channel in which four adjacent electrodes are stimulated 
simultaneously to decrease power consumption. Although this 
quadrupolar strategy saves power, it also generates broader 
electrical fields, specifically at higher loudness levels. To com-
pensate for this, current focusing is applied by sending current 
of opposite polarity to the two outer electrode contacts. Loud-
ness balancing experiments with different degrees of current 
focusing revealed that higher degrees of current focusing result 
in significantly higher current levels that are required to main-
tain equal loudness.

The present study describes and analyses a new approach 
to loudness encoding that is called “dynamic current focusing” 
(DCF). Previous research showed that loudness is increased at 
fixed current levels by lowering the degree of current focusing 
(Vellinga et al. 2017a). The DCF uses pTP stimulation near the 
threshold, and it gradually broadens the excitation by decreasing 
the compensation coefficient σ to increase loudness without the 
need to increase the overall current (see Fig. 1 for a schematic 
overview). In practice, this means that more current is consumed 
at low than at high loudness levels, because the current levels 
for the flanking electrodes are lowered with increasing loud-
ness, while the level on the center contact remains the same. It is 
hypothesized that the DCF strategy increases spatial selectivity, 
especially at lower loudness levels, while maintaining the most 

optimal selectivity possible at higher loudness levels and staying 
within device compliance limits. This optimal spatial selectiv-
ity across the dynamic range would then lead to an improved 
spectral resolution, primarily at lower loudness levels. Here, we 
evaluated the novel DCF loudness coding strategy in 11 sub-
jects in an acute setting in which all tasks were performed with 
both their conventional clinical strategy and the DCF strategy on 
a single day. Spectral resolution was assessed with the SMRT, 
which measures the spectral ripple density threshold. In addition, 
temporal modulation detection thresholds (MDTs), speech intel-
ligibility in noise, and loudness growth functions were assessed.

The study was approved by the Medical Ethical Committee 
of the Leiden University Medical Center (ref. P02.106.AA).

MATERIALS AND METHODS

Listeners
Eleven adults with postlingual hearing loss who were uni-

laterally implanted with an Advanced Bionics (HiRes90K, 
Sylmar, CA) implant for at least 9 months were selected to 
participate in this study. None of the subjects had functional 
hearing in the contralateral ear. Because the DCF strategy uses 
multipolar stimulation, only CI users with all 16 electrode con-
tacts working were included in this study. The study included 
4 women and 7 men 48 to 79 years of age. of these, 1 subject 
used HiResolution (HiRes, Sylmar, CA) (Firszt 2003) in the 
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Fig. 1. The concept of loudness coding in the DCF strategy and in MP 
stimulation mode. The upper bar for each loudness step shows the audi-
tory nerve with the excitation shown pattern in gray. The lower bars show 
the implanted electrode array with the electrode contacts in gray. In the 
DCF strategy, the amplitudes of the main and neighboring electrode con-
tacts are increased equally up to the T-level. To increase the loudness from 
the T-level, σ is decreased as a function of the stimulus level, resulting in 
a broader excitation pattern and, accordingly, in a higher loudness level. 
In MP mode, the amplitude of the main electrode contact is increased as 
a function of the stimulus level, resulting in broad current spreads at all 
loudness levels. DCF indicates dynamic current focusing; M-level, most 
comfortable level; MP, monopolar; T-level, threshold level.
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clinical setting, 4 subjects used HiRes Fidelity 120 (HiResF120, 
Sylmar, CA) (Büchner et al. 2012), and 6 subjects used HiRes 
optima, Sylmar, CA (Advanced Bionics, Sylmar, CA 2012). 
Table 1 shows the patients’ clinical characteristics.

After the assessment of baseline performance with their 
clinical strategy fitted on a dedicated Harmony sound processor 
in the laboratory, the DCF strategy was fitted on this research 
processor. The subjects had 2 to 3 hr to adjust to the experimen-
tal strategy by taking a break in a busy restaurant, during which 
they were actively communicating with the researcher. After 
this, their performance with DCF was evaluated on the same 
day. The only exception was S01, who was unable to perform all 
psychophysical tasks in a single day due to fatigue. For this sub-
ject, the DCF strategy was evaluated after 10 extra minutes of 
adaptation on a separate test day. The subjects were not blinded 
to the tested speech coding strategy as the subjects could easily 
detect their normal strategy, and the order of the tested strategy 
was not randomized.

Fitting Procedures
Clinical Strategy • The data from each subject’s last clinical 
visit were copied from the SoundWave program (Advanced 
Bionics, Valencia, CA) and fitted on a Harmony research pro-
cessor. If the noise cancelation features were active in their 
every day program, they were turned off for the testing.
Research Strategy • The concept of the DCF strategy is 
schematically displayed and compared with MP stimulation in 
Figure 1. The DCF program was created for each subject using 
BEPS+ software (Advanced Bionics, Valencia, CA). Threshold 
levels (T-levels) were determined for each electrode contact by 
gently increasing the total amount of current at σ = 0.8, meaning 
that 80% of the current is returned equally to the two flanking 
electrodes and 20% is returned to the extracochlear electrode. To 
ensure that sufficient loudness is achieved if σ is reduced to zero 
(i.e., MP stimulation on the central electrode contact), current 
on the central electrode contact had to be at least 300 clinical 
units (CUs). CUs represent constant charge, which means that 
automatic adjustments in pulse width also result in automatic 
adjustments in pulse amplitude to maintain constant charge: 
[ amplitude in A pulsewidth in sec • scaling constant( )⋅ ( ) (k )) ] .  
A level of 300 CUs was chosen because in the clinical fittings 
(in MP stimulation mode), all subjects’ most comfortable level 
(M-level) values were below 300 CUs. It was therefore expected 
that the full dynamic range could be covered by varying the 
compensation coefficient σ, and not increasing the current level 
on the center electrode contact above 300 CUs. If the total cur-
rent necessary for the T-level was below 300 CUs at σ = 0.8, 
the T-level was determined again, using a compensation coef-
ficient σ = 0.9. If total current was still below 300 CUs, T-levels 
were determined using σ = 1.0. The used σ values at T-level 
are depicted in Table 1. Next, the M-levels for the DCF strat-
egy were determined by gradually decreasing σ in steps of 0.01, 
while the current levels on the central electrode contacts were 
kept constant, thereby broadening the excitation pattern. As a 
result, the dynamic range is defined by variations in σ and the 
subjective loudness at T- and M-levels is perceived similar to 
that with their clinical strategy. To verify the latter, subjects were 
asked if the loudness level with the speech program turned on 
was similar to that with their regular strategy. If this was not the 
case, the loudness level was adjusted accordingly. No loudness TA
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balancing per electrode contact was applied. Low power modes 
(e.g., automated power management and reduced maximum 
power mode) were turned off to avoid potential difficulties 
with power management, as well as noise reduction algorithms. 
Because three physical electrode contacts are required to create 
one current focusing channel, the two outer electrodes could 
not be used. Therefore, the DCF strategy had only 14 effective 
channels while the clinical strategy had 16 (HiRes) or 120 theo-
retical (current steering) spectral channels.

PSYCHOPHYSICAL TASKS

Loudness Growth Functions
For both stimulation strategies, a loudness scaling experiment 

was performed at three different locations along the electrode 
array (electrodes 3, 9, and 14). Because the two stimulation strat-
egies use different mechanisms to achieve M-level, it is impos-
sible to compare them in the same quantity when the electrode 
contacts are directly stimulated. In MP stimulation, the driv-
ing factor to achieve M-level is current, while there is not one 
individual current or electrode contact to which you can link 
loudness growth in DCF stimulation. Therefore, the “acoustic” 
stimuli, that were generated using a custom MATLAB program 
(MathWorks Inc., Natick, MA), were presented via a direct input 
system into the Harmony speech processor. In this way, the same 
stimuli (sine waves with frequencies corresponding to the center 
frequencies of electrode 3, 9, or 14, and with amplitude V) could 
be generated for the two stimulation strategies, after which they 
were processed with the use of either the MP or DCF speech 
coding strategy. The stimulus levels were calculated as follows:

Loudness Level in dB( )= ⋅








20 10log

V

Vref

 (1)

with V
ref

 = 10 μV. The level was slowly increased in step sizes of 5 
dB, starting from 0 dB and never exceeding 100 dB to avoid over-
stimulation. Loudness was subjectively rated on an eight-point 
loudness scale as used in our previous current focusing experi-
ments (Vellinga et al. 2017a). This loudness scale ranged from 
the T-level (1), to the most comfortable loudness (5) to the upper 
limit of comfortable loudness (8); after this, the experiment was 
terminated (Potts et al. 2007). The experiment was repeated three 
times. To quantify the slope of the loudness scaling curves, the 
areas under the curves (AUCs) were calculated as follows:

AUC LL
SL SL

= ∆
+ −

=

+∑
i

i
i i

2

4
1 4

2
 (2)

with i  = subjective loudness level, which was ranging from 2 to 
5 (from “very soft sound” to “most comfortable loudness”) as 
these levels were considered to be the most important for under-
standing speech. SL = subjective loudness, ΔLL = difference 
in loudness level (in dB) between SLi  and SLi +1 . Differences 
in AUCs (ΔAUC) between the two strategies were expressed 
as a percentage relative to the AUC for the clinical strategy 
( AUCclinical

):

∆ [ ]=AUC
AUC AUC

AUC
DCF clinical

clinical

% %
−

i100 (3)

with AUCDCF = the AUC for the DCF strategy. The offset of the 
loudness growth functions was measured at the level (in dB) 

at subjective loudness level 2 for each electrode contact and 
stimulation strategy.

∆offset dB offset offsetDCF clinical[ ]= −( )
∈
∑ /
e S

e e 3 (4)

with S  = 3, 9, or 14, referring to electrode contacts ( e ), and 
where ∆offset was calculated per stimulation strategy as the 
average difference in offset of the three electrode contacts.

Because of the pilot-like nature of this study, the research 
protocol was fine tuned during the trial. Accordingly, the first 
3 subjects (S01, S02, and S03) had a slightly different research 
set up than subsequent subjects. For these subjects, loudness 
curves were obtained as a function of the current in microam-
pere for the clinical strategy and as a function of σ in the DCF 
strategy, using a direct connection to the implant. Because this 
made it impossible to compare the loudness growth functions 
between the strategies, we switched to the direct connection to 
the speech processer described earlier, and discarded the loud-
ness scaling data for the first 3 subjects.

Psychophysical Tasks—Sound Booth Testing
The tasks described later were performed in the free field, 

with subjects seated 1 m away from the front of a single 
loudspeaker in a double-walled sound-attenuating booth. To 
minimize the impact of learning effects on the results of the 
psychophysical tasks, the subjects went through a dry run 
before each actual test run.

Spectral Ripple Test
The SMRT (Aronoff & Landsberger 2013) was used to 

determine spectral ripple thresholds at 45 and 65 dB. It is a 
three-alternative forced choice task that determines the maxi-
mum ripples per octave (RPo) that a listener can differenti-
ate from two reference stimuli that have ripple densities of 20 
RPo. Study subjects were asked to indicate the deviant stimu-
lus from the three sounds without receiving feedback about 
the correct answer. This spectral ripple density test was chosen 
because, as opposite to the previously existing spectral ripple 
test (e.g., Henry & Turner 2003; Won et al. 2007), the SMRT 
was designed to avoid a number of potential confounders, like 
cues that are related to local loudness or the spectral center of 
gravity (Aronoff & Landsberger 2013). Moreover, the SMRT 
has been shown to correlate with speech recognition in noise 
in a variety of CI users (Lawler et al. 2017). The procedure 
was repeated six times per condition, and the average thresh-
olds were calculated.

Temporal Modulation Detection Test
Temporal resolution was assessed with the temporal modu-

lation detection test, adapted from Won et al. (2011). The two 
alternative adaptive measures have two wideband noise stimuli: 
one without amplitude modulation and one with a modulation 
frequency of 100 Hz that was adaptive in modulation depth. A 
modulation frequency of 100 Hz was chosen because this task, 
along with spectral ripple thresholds, accounts for the highest 
amount of variance in consonant-vowel-consonant word scores 
(Won et al. 2011). The subjects were asked to identify the inter-
val that contained the modulated noise and were then given 
feedback about whether this was the correct answer. The task 
was performed at 65 dB and repeated six times per condition, 



Copyright © 2018 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

 DE JoNg ET AL. / EAR & HEARINg, VoL. XX, No. XX, 00–00 5

then the average MDTs were calculated in dB relative to 100% 
modulation ( 20 10⋅log modulation depth ).

Speech-in-Noise Test
The Dutch matrix sentence test is an adaptive speech-in-

noise test that uses 50 unique words that are combined into 
200 grammatically equivalent sentences, which are grouped 
into 10 balanced lists (Houben et al. 2014). At each test round, 
the sentences are randomly selected from the subset. The task 
was carried out using the APEX 3 program (Leuven, Belgium) 
(Francart et al. 2008), installed on a personal computer. After 
the presentation of a sentence, the subjects are asked to repeat 
the five words and to guess if they are not sure. Testing was 
done at a fixed speech level of 65 dB(A) and with the adaptive 
speech-shaped noise starting from −4 dB signal to noise ratio 
(SNR). The outcome measure of the matrix test is the speech 
reception threshold (SRT), which is defined as the SNR at 
which 50% of the words are repeated correctly. An average SNR 
was calculated over three repetitions to determine the final SRT 
score. During the matrix task practice session, subjects were 
exposed to all possible words.

Subjective Rating
The subjective quality of the incoming sound in terms 

of overall loudness, loudness growth, sound clarity, speech 

understanding, etc. was discussed with the subjects. In addition, 
all subjects were asked whether they would be able to function 
normally with this new program in their home situation and if 
their overall rating of the DCF strategy was better, equal to, or 
worse than their clinical program.

Statistical Analysis
Repeated measurements were obtained in all experiments; 

therefore, two-way repeated-measures analysis of variance 
(ANoVA) was used for the statistical analysis. The factors 
“speech coding strategy” (clinical and DCF) and “repetition 
number” (1 to 3 for the speech-in-noise test and 1 to 6 for the 
spectral ripple and the temporal modulation detection test) were 
used to determine if there was a main effect of the speech cod-
ing strategy, repetition number, and interaction between the two 
factors. IBM SPSS Statistics for Windows (Armonk, NY), Ver-
sion 23.0, was used for calculations.

RESULTS

Loudness Growth Functions
The individual loudness growth functions of S04 to S11 

were obtained for the clinical and the DCF strategies. The loud-
ness scores are plotted as a function of the presented stimu-
lus level in dB (Fig. 2). The AUCs are depicted by the filled 
AUCs. Both the slope (expressed in AUC) and the offset of the 
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Fig. 2. The individual loudness growth functions of S04 to S11 on an eight-point loudness scale (y axes). The stimulus levels were calculated as follows: 
LoudnessLevel in dB( )= ⋅ ( )20 10log /V Vref , with Vref =   V10 µ . For understanding speech, the most important loudness levels are considered to range from 
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under the curve; DCF, dynamic current focusing.
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loudness growth curves with the DCF strategy showed con-
siderable deviations from the corresponding values with the 
clinical strategy in some subjects. The individual differences in 
AUCs (∆AUC) per electrode as calculated from the data are 
presented in Table 2. S05, S09, and S10 showed the largest 
∆AUCs, while the loudness growth functions of S04, S06, S07, 
S08, and S11 were quite similar in terms of the AUCs. Table 3 
shows the differences in offsets (∆offset) of the loudness growth 
curves per electrode contact, where the offset at loudness level 
2 with the clinical program was subtracted from the one with 
DCF. It turned out that S05, S07, S09, and S10 showed large 
discrepancies between the offsets with the two strategies, when 
compared with the other subjects. For S05 and S10, ∆offset was 
negative, meaning that for DCF, a higher input was required to 
reach the offset.

Spectral Ripple Test
The individual and mean spectral ripple discrimination thresh-

olds are shown in Figure 3. At 45 dB, the mean thresholds for the 
clinical and the DCF strategies were 2.40 RPo and 3.74 RPo, 
respectively; at 65 dB, the values were 3.27 RPo and 4.07 RPo, 
respectively. As shown in Figure 3A, 8 of 11 subjects showed an 
improved spectral resolution with the DCF strategy relative to their 
clinical strategy at 45 dB. A two-way repeated-measures ANoVA 
showed that the average difference was statistically significant at 
45 dB for 1.34 RPo [F(1,10) = 8.369; p = 0.016]. No effect was 
observed for the repetition number [F(5,50) = 0.080; p = 0.995] 
or for the interaction between strategy and repetition number 
[F(5,50) = 1.069; p = 0.389]. At 65 dB, also 8 of 11 subjects showed 
improved spectral ripple thresholds (Fig. 3B). No significant dif-
ference was observed between DCF and MP at 65 dB [F(1,10) = 
2.186; p = 0.170]. This result may be explained by the less focused 

stimulation provided by DCF at these presentation levels. Further, 
there was no effect for the repetition number [F(5,50) = 0.227; p = 
0.949] or for the interaction between strategy and repetition number 
[greenhouse–geisser corrected F(2.8,27.7) = 2.581; p = 0.078]. All 
subjects improved on spectral ripple discrimination at either 45 dB 
or at 65 dB or both. In a post hoc analysis, where the subjects with 
the largest ∆AUC (S05, S09, and S10) were excluded, there was a 
highly significant improvement from 2.8 RPo to 4.4 RPo at 65 dB 
[F(1,7) = 14.862; p = 0.006]. Although there was no significant cor-
relation between the ∆AUC and spectral ripple performance at 45 
dB (Fig. 4A), exclusion of the same three AUC outliers resulted in a 
highly significant improvement from 2.4 RPo to 4.2 RPo [F(1,7) = 
11.264; p = 0.012]. Linear regression revealed that (when including 
S05, S09, and S10 in the analysis) the ∆AUC could significantly 
predict spectral ripple performance with the DCF strategy at 65 
dB [F(1,6) = 7.079; p = 0.037]. The average ∆AUC accounted for 
54.1% of the variation in spectral ripple scores with an adjusted R2 
= 46.5%. The regression equation was as follows:

PRPO dB AUC_ . .65 2 25 0 046= − ⋅∆ (5)

where PRPO dB_ 65  is the predicted improvement in RPo with the 
DCF strategy when compared with the clinical strategy, at 65 
dB (Fig. 4B).

When the two outliers that drove the direction of the cor-
relation (S09 and S10) were excluded from the linear regres-
sion, however, the correlation completely disappeared 
[F(1,4) = 0.001; p = 0.979]. These subjects drive the correla-
tion because they were poor performers with the DCF strategy 
and had large differences in their ΔAUCs. By excluding these 
subjects from this analysis, only the better performing subjects 
were included. The differences in the offset of the loudness 
curves were also analyzed, but the correlation between ∆offset 

TABLE 2. Differences in the area under the loudness curves (ΔAUC) between the strategies for each subject at the indicated electrodes

Subject Electrode 3 (%) Electrode 9 (%) Electrode 14 (%) Absolute Average (%)

S04 −20 +17 +13 17
S05 −58 −26 −28 37
S06 +23 +20 −8 17
S07 −14 −10 +45 23
S08 −23 −19 −1 14
S09 −82 −60 +161 101
S10 +72 −26 +117 72
S11 +4 +7 +15 9

The (absolute) average AUC of the three electrode contacts is also shown and is expressed as the percentages of the AUC for the MP strategy ( % / %)∆ [ ]= ⋅AUC AUC AUC AUCDCF clinical clinical− 100 .
AUC, area under the curve; MP, monopolar.

TABLE 3. Differences in the offsets (Δoffsets) of the loudness curves (loudness level 2 of the loudness scaling procedure) for each 
subject at the indicated electrodes (clinical – DCF)

Subject Electrode 3 (dB) Electrode 9 (dB) Electrode 14 (dB) Average (dB)

S04 +1.7 +1.7 +3.3 +2.2
S05 −23.3 −21.3 −19.0 −21.2
S06 +8.3 −8.3 −4.7 −1.6
S07 +25.8 +44.0 +75.7 +48.5
S08 +15.0 +1.7 −2.0 +4.9
S09 +5.7 +17.7 +63.3 +28.9
S10 −33.7 +6.5 −5.7 −11.0
S11 −5.0 −1.7 −8.0 −4.9

The average difference is shown in dB. DCF, dynamic current focusing.
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and spectral ripple performance at 45 dB was not statistically 
significant [F(1,6) = 5.6; p = 0.056) (Fig. 4C) and also no cor-
relation at 65 dB (p = 0.65) (Fig. 4D) was found.

Temporal Modulation Detection Test
The individual and mean MDTs in dB relative to 100% ampli-

tude modulation, that were measured at comfortable level, are 
shown in Figure 5. The mean MDTs were −9.35 dB for the clini-
cal speech coding strategies and −8.73 dB for the DCF strategy. 
A two-way repeated-measures ANoVA revealed no significant 

differences in performance between the two speech coding strat-
egies [F(1,10) = 12.611; p = 0.497] in terms of amplitude modu-
lation detection. There were no correlations between the ∆AUC 
or ∆offset and MDT scores, and the exclusion of the AUC or 
∆offset outliers did not change the MDT results.

Speech-in-Noise Test
The individual and mean SRTs, as measured at 65 dB, are 

shown in Figure 6. The mean SRTs were 4.57 and 4.72 dB SNR 
for the clinical and DCF strategies, respectively. The standard 
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errors were quite large for some subjects, and a two-way 
repeated-measures ANoVA revealed that the difference in SRTs 
was not statistically significant [F(1,10) = 0.019; p = 0.893]. No 
correlations were found between the ∆AUC or ∆offset and SRT 
values, and exclusion of the AUC or ∆offset outliers did not 
change the speech-in-noise results.

Subjective Rating
Subjectively, 2 subjects preferred the DCF strategy over their own 

clinical strategy and 7 had no preference. The remaining 2 subjects 
preferred their own strategy over the acutely tested DCF research 
strategy. Some subjects noted that the DCF strategy resulted in a 
“richer” sound with greater pitch perception and that the sound was 
clear. others felt that the DCF strategy resulted in some background 
noise. The battery life of the PowerCel (Advanced Bionics, Sylmar, 
CA) Slim battery decreased from an average of 9 hr with the clinical 
strategies to 1.5 to 4 hr with the DCF strategy.

DISCUSSION

The DCF strategy showed promising results in this initial 
study, despite the large disparity in experience with the DCF 

strategy versus the individuals’ clinical strategies. Use of the 
DCF strategy improved spectral ripple discrimination by 1.34 
RPo at lower loudness levels, which is a large improvement 
compared with reports in the literature using the same test. For 
example, Zhou (2017) found a 1.05 RPo improvement with 
an experimental strategy in which five high-threshold stimula-
tion sites were deactivated, and Aronoff et al. (2016) showed 
that interleaved processors improve SMRT scores by 1.0 RPo. 
Moreover, a study where indiscriminable electrode contacts 
were deactivated in n-of-m strategies even found deteriorated 
SMRT scores (Vickers et al. 2016). The comparison of the DCF 
strategy results with other current focusing strategies is com-
plex because often different spectral ripple measures are used. 
For example, Smith et al. (2013) found a 5.7 dB improvement in 
a spectral ripple phase discrimination experiment at 2.0 cycles/
octave when weighted TP stimulation was compared with MP 
stimulation. In our study, the most striking improvement was at 
45 dB, which was in accordance with our hypothesis, because 
the DCF strategy is set up such that higher levels of current 
focusing are achieved at lower loudness levels. Multiple stud-
ies have shown that the narrowing effect on current spread is 
negligible at σ ≤ 0.5 (Bierer & Middlebrooks 2002; Bonham & 
Litvak 2008; Landsberger et al. 2012), while the mean degree of 
current focusing in this study was 0.88 (0.8 to 1.0) at the T-level 
and 0.49 (0.21 to 0.74) at the M-level. Thus, one could expect 
a greater benefit at lower loudness levels. Although most of 
the subjects benefited from current focusing across their entire 
dynamic range, some required fairly low σ values to reach the 
M-level. The DCF strategy therefore did not enhance spatial 
selectivity at M-level, which explains why no significant differ-
ence was observed between DCF and MP stimulation in spec-
tral resolution.

one potential disadvantage of current focusing techniques is 
that they require wider pulse widths, and thus lower stimulation 
rates, to reach sufficient loudness (Bonham & Litvak 2008). 
This reduces temporal resolution and therefore speech percep-
tion. Although the stimulation rates decreased from 2550 pulses 
per second on average with the clinical strategy to 817 pulses 
per second with the DCF strategy, subjects performed equally 
well on the temporal modulation detection task using the two 
strategies. The DCF strategy was fitted without difficulties, and 
the subjects gave predominantly positive feedback on the sound 
quality. This is in accordance with the literature because previ-
ous studies also report positive results concerning the quality 
of sound with current focusing techniques (Landsberger et al. 
2012; Padilla & Landsberger 2016). Another disadvantage for 
the DCF strategy is the decrease in spectral channels (from 16 
with HiRes or 120 theoretical channels with current steered 
strategies, to only 14 with DCF) that can be used because three 
physical electrode contacts are required to create one current 
focusing channel. Therefore, a smaller portion of the auditory 
nerve can be used for stimulation, possibly leading to a decrease 
in spectral resolution. Moreover, most subjects were clinically 
fitted with a speech coding strategy that uses current steering, 
which creates additional (virtual) spectral channels (Koch et al. 
2007), while current steering was not implemented in the DCF 
strategy. Although many studies found a beneficial effect of the 
implementation of current steering (Firszt et al. 2009; Park et 
al. 2009), others were unable to find this improved performance 
(Berenstein et al. 2008; Donaldson et al. 2011; Snel-bongers 
et al. 2011). Nevertheless, the subjects in the present study 
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may have benefited from current steering, that was only imple-
mented in their clinical speech coding strategy.

Notably, acutely measured perception of speech-in-noise 
was as good with the DCF strategy as with the clinical strategy, 
even though the subjects had at least 9 months of experience 
with their clinical strategy but just a few hours of experience 
with the DCF strategy. Spectral ripple tests were added, as 
they are reported to be ideally suited for acute testing and cor-
relate with long-term speech perception (Lawler et al. 2017), 
while speech tests need adaptation time. Thus, the significantly 
improved spectral ripple thresholds strengthen our conviction 
that the DCF strategy shows promise for improving the per-
ception of speech-in-noise long term. While previous research 
did reveal significant correlations between SMRT scores and 
speech understanding (e.g., Lawler et al. 2017), we were not 
able to demonstrate this when the clinical 65 dB measures were 
used [F(1,9) = 1.8; p = 0.211; R = 0.41]. This is probably due 
to the relatively small research group. Srinivasan et al. (2013) 
demonstrated improved speech understanding in an acute set-
ting with pTP stimulation in six CI listeners after only 20 min 
of adaptation time. They found that SRTs were improved by 3 
dB compared with an experimental MP strategy. However, they 
compared two strategies that were new to the subjects, whereas 
we compared the novel DCF strategy, to each subject’s estab-
lished clinical strategy.

Although the overall results with the DCF strategy were 
encouraging, not all subjects benefited from the novel loudness 
encoding strategy. Three subjects scored better on the spectral 
ripple test with the DCF strategy only at 45 or 65 dB but not 
at both levels. The results of the present study suggest that a 
change in loudness growth, from the clinical to the DCF strat-
egy, could cause this lack of improved performance. The 3 
subjects (S05, S09, and S10) who showed large discrepancies 
between the slopes of the loudness curves for the two strate-
gies performed worse on the psychophysical tasks. Because a 
significant negative correlation was found between ∆AUC and 
performance on the spectral ripple task (at 65 dB), a post hoc 
analysis was performed leaving these 3 subjects (with the larg-
est ∆AUCs) out, resulting in a greater improvement with the 
DCF strategy and a higher statistical significance (p = 0.006). 
While one would expect similar offsets of the loudness growth 
curves for the two speech coding strategies, remarkable devia-
tions were found in some subjects, even across electrode con-
tacts. The correlation between this ∆offset and spectral ripple 
scores at lower loudness levels was positive, although this was 
not statistically significant. It makes sense that subjects with 
negative ∆offsets performed worse at 45 dB, as it could be that 
the sounds were inaudible, or at least very soft, at this loudness 
level. Altogether, this suggests that the way loudness growth 
is achieved could be of importance for CI performance. Nev-
ertheless, previous research found only minor effects of loud-
ness growth on speech performance (e.g., Fu & Shannon 1998). 
This is consistent with our data, as we only found a detrimental 
effect on spectral ripple performance and not on speech percep-
tion. Moreover, it could be that longer adaptation to different 
loudness growth cancels out a detrimental effect. It is interest-
ing that, S09 did not show unnatural loudness growth with the 
DCF strategy, but with the clinical optima strategy. This subject 
had probably adapted to the aberrant loudness growth with the 
used clinical program and experienced difficulty adjusting to 
the (more regular) loudness growth of the DCF strategy. This 

observation highlights the beneficial effects of having a lon-
ger period of time to adapt to novel speech coding strategies, 
which might have resolved this issue. No clinical reasons were 
observed for the unexpected loudness growth with the clinical 
strategy for this subject (S09), such as an aberrant return path-
way due to, for example, otosclerosis.

Bierer and Litvak (2016) suggested that especially poor per-
formers benefit from strategies that reduce channel interactions, 
presumably because they suffer from more channel interaction in 
the first place. If there is a relatively poor electrode–neuron inter-
face due to a large electrode-to-neuron distance (Bierer 2010; 
Bierer et al. 2015), the DCF strategy would theoretically greatly 
impact the overall performance. More laterally positioned elec-
trodes benefit more from current focusing, as the efficacy of 
multipolar stimulation depends on interactions in the far field 
(Litvak et al. 2007a; Kalkman et al. 2015). This study mostly 
included subjects implanted with a HiFocus, 1J (Advanced 
Bionics, Sylmar, CA) electrode array, which is designed to be in 
an outer wall position, which in turn favors electrical field inter-
action. on the other hand, the study population comprised rela-
tively good performers (consonant-vowel-consonant phoneme 
scores of 78% or more at 65 dB), leaving relatively little room 
for improvement. The beneficial effects of the DCF strategy in 
a larger population of CI users with higher variation in perfor-
mance might even be greater than in the present study.

If degeneration of the spiral ganglion cells underlies poor 
CI results, the beneficial effects of using a DCF strategy are 
likely to be less prominent. Several studies reported channel-
to-channel threshold variability across the electrode array to 
be highly correlated with poorer performance on speech tests 
(Pfingst et al. 2004; Pfingst & Xu 2004; Bierer 2007; Long et al. 
2014). High thresholds are believed to be caused, at least in part, 
by degeneration of the spiral ganglia or so-called dead regions, 
which presumably results in ineffective channels. As focused 
configuration leads to stimulation of a more localized region 
of the spiral ganglion, one could expect even more variability 
in focused stimulation mode (Bierer 2010), which could offset 
the beneficial effects of current focusing. Among the present 
study population, some subjects showed great variability in 
T-levels (most prominently S02 and S09). There are two pos-
sible solutions to this problem: (1) turn these electrode contacts 
off to improve speech intelligibility, as done by Bierer and Lit-
vak (2016), or (2) switch the contact from TP to MP so that no 
auditory information is sent to ineffective channels. It was not 
possible to study possibly positive adaptations to the fitting, like 
switching off contacts with great variability, within the context 
of the present study because this would have introduced cofac-
tors influencing the comparison of the two strategies.

We recently found that learning effects might interfere with 
the results of psychophysical measures used in this study (espe-
cially the SMRT and the MDT tests) (de Jong et al. 2017). 
However, this has only been shown in long-term studies, not in 
acute settings as in the present study (Drennan et al. 2010). In 
addition, the practice tests that were provided before the actual 
testing are likely to cancel out any minor acute learning effect 
(Lawler et al. 2017). Moreover, due to logistics, the DCF strat-
egy was always tested last, at the end of a long day of testing. 
It seems likely that the decline in performance due to fatigue 
probably overcompensated for any potential learning effects. So 
we speculate that the gain in spectral resolution is underesti-
mated in our study. only S10, who was evaluated with the DCF 
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strategy on a separate test day, may have benefitted from learn-
ing during the psychophysical tasks.

The main finding in this study was that the DCF strategy for 
loudness encoding significantly improved spectral resolution in 
an acute setting compared with the current clinically used stimu-
lation strategies, in soft but not at higher presentation levels. As 
the battery life was considerably reduced, changes to the power 
scheme should be made to make the strategy suitable for at-home 
usage. A decrease in the T-level σ to 0.8 and deactivation of inef-
fective electrode contacts could potentially increase battery life 
and therefore the clinical suitability of this novel loudness encod-
ing strategy. Another potential solution to the high energy con-
sumption of the DCF strategy might be to add parallel channels, 
as was done in the research of Langner et al. (2017). Although 
previous research in our clinic (Bonnet et al. 2012) showed that 
paired pulsatile stimulation might have a detrimental effect in MP 
mode, it has potential in current focused stimulation (Vellinga 
et al. 2017b). Also the use of n-of-m strategies might be a valid 
option to decrease battery consumption and is therefore of interest 
for future research. As benefits, particularly for speech intelligi-
bility, of new speech coding strategies are generally greater after 
longer adaptation periods, the next step is to find out whether a 
greater improvement occurs over time in a take-home trial.

CONCLUSIONS

The present study showed that the DCF strategy gives bet-
ter spectral resolution at lower loudness levels after only a few 
hours of adaptation to the strategy. Subjects had months of 
experience with the comparative MP speech coding strategies. 
Equal performance on speech and temporal modulation tests 
was found. Future research will reveal whether long-term usage 
of the DCF strategy also gives improved speech scores.
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