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Background
Cochlear implants (CI) are successful auditory prostheses used to restore hearing in 
deaf people. They consist of an electrode array with several electrode contacts, which is 
normally inserted into the scala tympani. Electrical stimulation on distinguished elec-
trode contacts will evoke an action potential in the surrounding neural populations and 
will finally lead to an acoustic sensation. Intra- and post-operatively, the integrity of the 
electrode-nerve interface can be proven by recording the electrically evoked compound 
action potential (ECAP) which shows a characteristic response with a negative peak and 
one or two positive peaks [1], see Fig. 1a. The ECAP amplitude, defined as the difference 
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between the electric potential of the positive and the negative peak, will be detectable 
above a certain threshold level and will rise with increasing stimulation intensity, thereby 
describing a so-called amplitude growth function (AGF) (see Fig. 1b). All manufacturers 
of cochlear implants provide the means to record ECAP AGF via the inserted electrode 
in commercially available, clinical programming software. To reduce the noise floor, the 
recordings are usually averaged over 15–100 repetitions. To keep the measurement time 
within a practical range, e.g. below 10–15 min, the AGF is usually recorded with 5–10 
different stimulation levels in standard clinical setups (Fig. 2a).

The estimation of the ECAP threshold can be done in multiple ways. Using the infor-
mation of the ECAP amplitude growth function, the threshold of the AGF can be defined 
as the crossing of the linear extrapolation in the inflection point of the sigmoid with the 
baseline (ECAP-T, see Fig.  1b). Using a visual detection of responses in single ECAP 
recording, a visual threshold (ECAP-VT) can be defined as the stimulation intensity 
between the highest stimulation intensity where no response is visible and the lowest 
stimulation intensity where a response can be detected. With this approach the maxi-
mal error in estimating the threshold is half the step size of the different subsequently 

a b

Fig. 1 The left panel (a) depicts a representative ECAP waveform after biphasic stimulation. Note the 
negative peak N1 and the second positive peak P2, whose amplitude difference define the ECAP amplitude. 
The right panel (b) shows an ECAP amplitude growth function that normally exhibits a sigmoidal shape. The 
threshold of the ECAP amplitude growth function (ECAP-T) is normally defined as the crossing of the linear 
extrapolation in the inflection point of the sigmoid with the baseline. The estimation of the ECAP threshold 
can also be performed visually (ECAP-VT), being the stimulation level between the stimulation intensities 
before and when a first visible ECAP can be observed

a b

Fig. 2 Comparison of the standard clinical and the quasi-continuous fine-grain paradigm. The number of 
single stimuli and time needed to record an AGF was the same for both paradigms. a (left): Averaging over 
several repetitions and big step size of stimulation amplitude leads to a coarse AGF; b (right): Single stimuli 
and considerably smaller step size leads to a fine-grain AGF
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applied stimulation levels. The error can be minimalized by reducing the step size but 
thereby increasing the measurement time.

We evaluate a recording paradigm where the stimulation intensity is increased in 
quasi-continuous steps and instead of averaging repeated recordings with identical 
stimulation parameters, moving averages over small intervals of approximately identical 
stimulation levels are computed. The total number of single ECAP recordings is identi-
cal, resulting in identical measurement durations. The aim of this study was on the one 
hand to investigate if the new approach is feasible and safe for recipients in postopera-
tive measurements. The other goal of the study was to analyze whether a moving aver-
age over adjacent different stimulation levels can be used to reduce the noise floor while 
leading to thresholds which are comparable to those found with the standard clinical 
method.

Results
The number of AGFs recorded for each paradigm was 468 (39 implants with 12 elec-
trode contacts). 459 electrode contacts were activated during the fitting procedure. 
ECAPs were recorded also from electrodes that were not activated. In 356 cases the 
human experts could determine visually an ECAP threshold. In each recording every 
recipient could indicate in time when the sound percept was getting too loud. No recipi-
ent complained about a sudden or too fast rise in loudness.

An example of the recordings with the two paradigms and different moving averages 
is shown in Fig. 3. To plot the AGF, fixed latencies according to [2] were used for the N1 
peak (233 µs) and N2 peak (575 µs).

Figure 3a represents recordings for the Standard AGF paradigm. The left pane shows 
ECAP recordings for ten different stimulation levels where each level was measured 25 
times and the response was averaged over identical stimulation parameters. The charac-
teristic N1 peak and P2 peak are visible for stimulation levels above 13 qu, being the vis-
ual threshold (ECAP-VT). The right pane shows the AGF where each measured ECAP 
amplitude (dots) versus stimulation level was connected with a straight line. The ECAP-
VT is marked with a vertical dash-dotted line.

Figure  3b–e represent recordings for the FineGrain AGF paradigm. While Fig.  3b 
shows original data, in Fig. 3c–e a moving average was superimposed, where the number 
of recordings used for the moving average varied from 7  (n−3,  n−2,  n−1, n,  n1,  n2,  n3) to 13 
 (n−6, …,  n6) and 25  (n−12, …,  n12) levels, respectively. The index n characterizes the con-
secutive number of the recording. In the left panes ECAP recordings are shown, where 
traces for stimulation intensities which match the recordings of Fig. 3a are plotted using 
the same color. To enhance the readability, the remaining fine-grain measurements are 
plotted as thin gray traces. Note that always the full dataset is used, resulting in quasi-
continuous amplitude growth functions shown in the right panes.

Averaging over 25 repeated identical measurements results for all 468 stimulation 
electrodes into a median standard deviation of the baseline of 2.6 µV. (see Fig. 4). Single 
ECAP recordings without averaging had a median standard deviation of the baseline of 
8.8 µV. Performing a moving average over 7, 13 and 25 ECAP recordings reduced the 
estimated noise to a median standard deviation of the baseline of 3.7, 2.6 and 1.8 µV, 
respectively.
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e

Fig. 3 Example of AGF recordings. Fixed latencies were used for N1 (233 µs) and P2 (575 µs). The left columns 
show the single ECAP waveforms as a waterfall plot. ECAP waveforms with matching stimulation intensity 
are marked with identical colors. For better readability, the large amount of available ECAP waveforms in 
the FineGrain AGF paradigm is plotted in gray. Note that always the full dataset is processed to generate 
the quasi-continuous amplitude growth function shown on the right columns. Row a shows the paradigm 
Standard AGF (25 averages per stimulation level). Row b paradigm FineGrain AGF (without moving average) 
and c–e with a moving average over 7, 13 and 25 different stimulation levels, respectively. For row a, e, the 
mean visual ECAP threshold is plotted as a dash-dotted line
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The distribution of the visually estimated ECAP thresholds (ECAP-VT) for each 
paradigm is shown in Fig.  5. The human experts evaluated in both cases ECAP 
waveforms that were averaged over 25 recordings. The ECAP-VT was significantly 
lower (Wilcoxon signed-rank test, p = 6.2e−08) for the FineGrain AGF paradigm 
compared to the Standard AGF.

The distribution of the maximum acceptable loudness level (MAL) for each elec-
trode is shown in Fig. 6. Except for the most apical electrode 1, all other electrodes 
showed a significantly higher presented stimulus level within the 44 pps Standard 
AGF paradigm compared to the 80 pps stimulus during the FineGrain AGF measure-
ment paradigm. Significance was tested via a two-sided t-test for the null hypothesis 
that two related samples have identical average expected values (for electrode 1–12 
the p-values were 1.56e−1; 4.85e−6; 1.07e−5; 4.02e−6; 1.51e−5; 1.34−4; 7.03e−4; 
1.75e−4; 1.05e−2; 1.91e−3; 1.21e−4; 3.32e−2). The mean MAL over all implants 
and stimulation electrodes was 13% lower at the 80 pps FineGrain AGF paradigm 
compared to the 44 pps Standard AGF measurements. No effect of the electrode 
array location on the magnitude of the MAL difference between the FineGrain AGF 
and Standard AGF was found (t-test, p > 0.7).

Fig. 4 Noise level estimated for all 468 Standard AGF (blue) and 468 FineGrain AGF (red) via the standard 
deviation of the baseline at the end of an ECAP recording (1.3–1.6 ms after stimulus onset) after averaging. 
The median noise level is given above each group. Note that Standard AGF was measured with clinical 
software (MAESTRO 4.1.2) and FineGrain AGF with a research tool provided by MED-EL whose different 
averaging algorithm and respective low-pass characteristics are the main cause for the lower noise floor of 
FineGrain AGF at the same number of averages

Fig. 5 The visually estimated ECAP threshold (ECAP-VT) was significantly lower (Wilcoxon signed-rank test, 
p = 6.2e−08) for the FineGrain AGF paradigm compared to the Standard AGF
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Discussion
Several improvements to the standard amplitude growth sequence have been proposed. 
A variation of the Békésy tracking was proposed by [3], a binary search algorithm was 
presented by [4]. All these paradigms optimize the measured stimulation amplitudes, 
but keep the concept of averaging over identical stimulation amplitudes and thereby 
limit the total number of different stimulation levels to minimize the total measurement 
time. In this manuscript, we performed solely manual ECAP threshold determination by 
human experts to avoid any bias of the applied algorithm. Please see e.g. [2] for a recent 
discussion on the non-trivial task of ECAP threshold determination and a robust nerve 
response metric. Further research how the fine-grain recording paradigm affects differ-
ent concepts of automatic threshold determination is needed.

The advantage of the information gain due to the quasi-continuous sampling can be 
seen in the context of the visual threshold (ECAP-VT) determination. For the AGF 
recorded with the standard paradigm (Fig.  3a, right pane), the baseline background 
activity can be estimated at approx. 15 µV from the measurements at 0, 4 and 8 qu. The 
response at 11 qu shows an elevated ECAP amplitude of 23 µV, but the morphology (left 
pane) exhibits no clear N1 or P2 peaks and both human experts labeled the first visible 
ECAP response at 15 qu with an ECAP amplitude of 36 µV. The ECAP-VT was therefore 
estimated at (15 qu + 11 qu)/2 = 13 qu. The FineGrain AGF in the right pane of Fig. 3e 
allowed the human experts to decide that the elevated response of 23 µV at 11 qu was 
already part of the neural response and did not belong to the noise floor. From a signal 
processing perspective, the Standard AGF can be understood as an undersampling of 
the space of all amplitude growth functions, suffering from a quantization error con-
cerning the first above threshold stimulation amplitude.

The noise reduction shown in Fig. 4 follows the square root of N rule (see Table 1), 
hence can be mainly explained by the removal of uncorrelated noise.

Since the error in estimating the visual threshold (ECAP-VT) is given by half the 
step size, the lower visually estimated ECAP threshold found for the FineGrain AGF 
paradigm was inherent to the difference between the paradigms. With the relatively 

Fig. 6 The maximum acceptable loudness level (MAL) for the Standard AGF paradigm (red) and the 
FineGrain AGF paradigm (blue). Except for the most apical electrode 1, all other electrodes showed a 
significant higher MAL within the Standard AGF paradigm. Note that the Standard AGF was measured at 44 
pps compared to an 80 pps stimulus during the FineGrain AGF measurement paradigm. Different levels of 
significance are marked as: n.s. p ≥ 0.05, *p < 0.05, **p < 0.01, ***p < 0.001
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big step size of the Standard AGF paradigm the visual threshold will be over-esti-
mated. Another factor to be considered is the improved estimation of the baseline 
activity by the human expert due to the denser sampling. This allows for an earlier 
visual detection when the response is above the standard deviation of the baseline 
(see also [2] for a more in-depth discussion).

With the FineGrain AGF paradigm the maximum acceptable loudness level (MAL) 
was lower compared to Standard AGF paradigm. One explanation could be the differ-
ence in stimulation rate. Stimulation rate has a known influence on loudness percept. 
Several studies have shown that electrical threshold is decreasing with increasing 
stimulation rate [5–8], but less studies have reported the effect of stimulation rate 
on MAL. To our knowledge no study in human CI users was conducted about the 
influence on MAL in the stimulation rate range of 40–80 pps with pulse durations of 
about 30 µs. Pfingst et al. [9] reported a small reduction of the behavioral threshold in 
normal hearing guinea pigs when increasing pulse rate from 39 to 78 pps while effects 
on the loudness percept in the deaf animal model were observed only for pulse rates 
above 1000 pps. In [5] it was shown, that the threshold is not affected by pulse rate for 
rates below 100 pps. Following the signal detection theory, an unchanged behavioural 
threshold can be explained by the same amount of available information, i.e. number 
of recruited nerve fibers. The ECAP amplitude directly correlates with the number of 
recruited nerve fibres, which supports the assumption, that the change in the ECAP 
threshold is not due to differences in the stimulation rate. In [10] it was shown that 
the ECAP threshold is reduced by about 2% comparing stimulation rates of 20 and 80 
pps, with a variance of 2%. With an inter-pulse interval in the FineGrain AGF para-
digm of 12.5 ms and 25 ms for the Standard AGF paradigm, the applied pulse rates 
were in both paradigms below the refractory time of the auditory nerve and no mask-
ing effect is to be expected. This suggests that the main difference in the loudness per-
cept is not due to a different number of recruited nerve fibers.

Another explanation for the different MAL could be the step size towards the region 
of discomfort (see Fig.  7). In the FineGrain AGF paradigm, the quasi-continuous 
increase results in an immediate stop when the region of the MAL is reached. Due to 
the larger step size in the Standard AGF paradigm, the stimulation where the subjects 
asked to stop is likely above the lower limit of the MAL. The Fine-Grain AGF para-
digm continuously approaches the limit and thereby never surpasses it, which could 
explain the lower maximal stimulation level, but also indicates that this paradigm is 
safer in terms of the risk of overstimulation.

Table 1 Effect of averaging on estimated noise

The first column states the number of different stimulation amplitudes used for averaging. The second column shows the 
estimated noise. The third column shows the decrease in noise compared to the recording without any averaging. The forth 
column shows the expected reduction of uncorrelated noise due to the number of averages

Number of averages Estimated noise (µV) Factor re single sweep sqrt(N)

N = 7 3.7 2.5 2.6

N = 13 2.6 3.5 3.6

N = 25 1.9 4.8 5.0
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As the order of electrodes was not randomized, and the first stimulated electrode showed 
a non-significant difference of 4%, a build-up-effect could be another possible explanation 
for the different maximal stimulation intensity.

As the ECAP threshold is clinically used to help with the determination of an initial fit-
ting map [11, 12], further research is needed to evaluate if the observed improved accuracy 
of the first visible ECAP threshold determination has any effect on the quality of the initial 
ECAP based map. It is to note that the general correlation between the ECAP threshold and 
the fitting parameter is intermediate and that there exist better objective measurements 
like the stapedius reflex [13]. The effect on other ECAP-based clinical application as e.g. 
described in [14] is also to be investigated.

Conclusion
The intention of the study was to prove whether the new approach (FineGrain AGF) is fea-
sible and safe and leads to comparable threshold values in comparison to the clinical soft-
ware (Standard AGF). This was the case for each of the 39 implants in all 35 subjects.

The error of visual ECAP threshold estimation is half the step size and a smaller step size 
should therefore lead to a smaller estimation error. As the visual ECAP threshold estima-
tion is a detection task, the first above threshold response will be reported leading to an 
always positive estimation error, i.e. an overestimation of the true threshold. The lower vis-
ual ECAP threshold for the FineGrain AGF paradigm compared to the Standard AGF (see 
Fig. 5) indicates that the new approach (FineGrain AGF) allows for a more accurate ECAP 
threshold estimation. Besides the clinical relevant ECAP threshold detection, in the con-
text of research, the finer resolution of the stimulation amplitudes offers also possibilities 
to investigate the stimulated neural population of the auditory nerve. Usually the AGF is a 
monotonically ascending function. The authors found in rare cases an AGF with segments 
of different slopes and even with a negative slope [15]. By means of a fine grain AGF more 
of those cases might be discovered and analyzed.

Fig. 7 Assuming that the maximal acceptable loudness level is not a distinct level but a range, an AGF 
stair-case paradigm will jump into the region of discomfort, resulting in a higher loudest presented 
stimulation level compared to a quasi-continuous paradigm, which will always stop stimulation at the 
beginning of the region of discomfort
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Methods
The study group comprises 35 adult CI users (18 male, 17 female) which have been 
chosen without any special consideration. In these recipients, measurements have 
been done with 39 implants, 5 MED-EL SONATAti100, and 34 MED-EL CON-
CERTO. Demographic data is summarized in Table 2.

With each of the 39 implants two measurement paradigms (Fig. 2) have been con-
ducted postoperatively subsequently within approximately 1 h. Those measurements 
were performed during the clinical follow-ups to minimize the time subjects have to 
spend for additional study measurements.

First the standard clinical paradigm (“Standard AGF”, see Fig.  2a) was measured. 
The recipient’s implant was connected via a transmitting coil to a DIB II interface box 
(MED-EL Company, Innsbruck, Austria) which was connected via a serial port to a 
personal computer operating the clinical software Maestro Version 4.1.2. Using the 
ART task, monopolar biphasic charge balanced pulses with a phase duration of 30 µs 
were delivered at a stimulation rate of 44 pps (pulses per second) to the electrode 
contacts. The interphase gap was 2.1 µs. This was the fastest stimulation possible with 
the DIB II interface box. The stimulation level was increased from zero to the indi-
vidual maximum acceptable loudness level (MAL) of each recipient, but not higher 
than a maximum charge of 36 qu (charge unit, 1 qu equals approximately 1 nC). A 
minimum of 10 different stimulation levels was aimed to be reached within each AGF. 
This was accomplished by setting the step size to 0.9–1.2 qu. Each stimulation level 
was presented 25 times. The ECAP potential was recorded on an adjacent electrode 
contact and averaged for each stimulation level. This procedure has been done subse-
quently for each of the 12 electrode array contacts.

In the new so called fine-grain paradigm (”FineGrain AGF”, see also Fig.  2b), the 
setup was the same as described above, but instead of a DIB II serial interface box the 
new MAX USB interface box (MED-EL Company, Innsbruck, Austria) and a research 
software was used. In addition, a higher stimulation rate of 80 pps was applied, since 
this was the highest rate possible with the MAX interface box. The stimulation level 
was also increased from zero to MAL (again, not higher than 36 qu), but each stimu-
lation level was presented only once and 150–300 different stimulation levels were 
measured, depending on the respective MAL of the subject. The same pulse parame-
ters and recording electrodes as described for the Standard AGF paradigm were used.

In both paradigms, the stimulation artifact was removed using an alternating stim-
ulation approach. Each measurement was performed twice, with a cathodic/anodic 
and an anodic/cathodic stimulation pulse, respectively. The subsequent averag-
ing allows the symmetric part of the stimulus artifact to cancel out while the polar-
ity invariant part of the ECAP signal remains and uncorrelated noise is reduced. The 
recording artifact of the system, also called signature, was removed by subtracting 
a template recorded at zero stimulation amplitude. The last post-processing step in 
both paradigms was a low-pass filtering of the averaged waveform to reduce noise 
in the high-frequency region. Note that due to the clinical setup, different software 
implementations were used. The cut-off frequency of the clinical software was 18 kHz 
(Standard AGF) while it was 5  kHz for the running average implementation of the 
research tool (FineGrain AGF).
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In the Standard AGF paradigm measurements were averaged over 25 repetitions 
of the same stimulus parameters to improve the signal-to-noise ratio. In case of the 
FineGrain AGF paradigm, a moving average was applied by taking into account the 
response evoked by a certain stimulation level, as well as up to 12 preceding and the 
following 12 levels, in total maximal 25 stimulation levels.

The noise of a single ECAP recording was estimated by computing the standard 
deviation of a 0.3 ms long analysis window, starting 1.3 ms after stimulus onset. The 
analysis window had thereby a distance of 0.1 ms to the end of the recording window. 
This region was chosen to contain no neural response and no filter artifacts. Note that 
noise and neural background activity will contribute to the sub-threshold baseline of 
an amplitude growth sequence (see Fig. 1b and [16]).

ECAP recordings were analyzed independently by two audiologists to estimate a 
visual threshold for both paradigms. The visual threshold (ECAP-VT) was defined 
as the average of the highest stimulation level without ECAP response and the low-
est stimulation level that evoked an ECAP response (Fig. 1b). For both paradigms, an 
averaging over 25 recordings was performed.

During the measurements, the recipient was asked to indicate when her/his maxi-
mum acceptable loudness level (MAL) was reached so that the study operator could 
abort the measurement on the respective electrode contact and continue with the 
next scheduled stimulation electrode.

Abbreviations
ECAP: electrically evoked compound action potential; CI: cochlear implant; AGF: amplitude growth function; MAL: maxi-
mum acceptable loudness level; QU: charge unit, 1 qu equals approximately 1 nC; ECAP-VT: first visual ECAP threshold; C: 
CONCERTO; S: SONATAti100; Std: standard.
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