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Introduction
Speech-evoked auditory brainstem response (ABR) has been used to assess the
fidelity of encoding speech stimuli at the subcortical level in normal individuals in
noise and in special populations such as learning-impaired children and musicians.
The neural code generated by cochlear implants (CIs) in the auditory brainstem
pathway and its similarity to stimulus may account for variable speech development
in cochlear implantees.
Objective
The aim of this study was to describe speech ABR recorded in CI individuals and
establish measurement parameters for the neural response and its reproducibility.
Participants and methods
Children between 5 and 10 years of age implanted in the right ear with fully inserted
12-electrode CIs were selected. All participants had normal morphology of the
cochlea and auditory nerve in preoperative computed tomographic scan and MRI.
Speech syllable 40ms /da/ was used to elicit speech ABR. Response traces for
intensity input/output functions were harvested. Grand averages were constructed
for peak picking. Individual patient responses were analyzed for reproducibility,
latency of wave V, root mean square amplitude of the response, and correlation to
the stimulus.
Results
Grand averages showed wave V, followed by the frequency following response.
Wave V is a vertex-positive peak, equivalent to that elicited by a click, which reflects
the stimulation by the transient /d/. The mean latency of wave V was 2.59±0.7ms at
70 dBHL. The frequency following response showed multiple sequenced troughs
corresponding to the sustained vowel /a/. Individual responses collected for similar
stimulus parameters showed high reproducibility, being 99.65% at 60 dBHL and
52.8% at 30 dBHL. Participants showed variable latency and root mean square
amplitude-intensity input–output functions slopes. The mean stimulus-to-response
correlation was 18.1±3.1%.
Conclusion
Speech ABR in CI participants shows similar morphology to that recorded in norms.
CIs thus transcribe the speech signal with high fidelity to the brainstem pathways.
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Introduction
Sound transduction in the cochlea follows propagation
of the mechanical traveling wave along the basilar
membrane, stimulating the outer and inner hair
cells, and evoking the eighth nerve action potential.
In profound hearing loss, this function is substantially
disturbed with subsequent failure to provoke an
auditory nerve action potential.

Cochlear implant (CI) transduces acoustic into
electrical signals bypassing the damaged cochlea and
provoking auditory nerve action potentials. The
transduction process involves acoustic signal
processing to extract prominent features of the target
speech and feeds it to the auditory nerve through

electrical biphasic pulses tonotopically mapped in the
cochlear scala using place coding strategies. In
addition, temporal coding, conveyed through pulse
rate, enhances low-frequency perception [1].

Auditorybrainstemresponse(ABR)isaseriesofpotentials
that have robust timing and reproducibility for transient
and sustained acoustic signals. It is measured for speech
stimuli [2–22]. Transient stimuli whether a click [23] or a
stop consonant [20] will yield a series of voltages I–V.
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Sustainedstimuli suchasphrases [24],monosyllabicwords
[25], and vowels [26–28] will yield a series of potentials
composing the frequency following response (FFR). The
FFR vertex-negative peaks in response to the speech
syllable /da/ of 40ms duration are named B, C, D, E,
F, and O [20]. Transduction of acoustic speech with CI
intoneural codes in thebrainstemmaythereforebe studied
by speech-evoked ABR.

The aim of the present study was to describe speech
ABR morphology in CI individuals and establish
parameters for neural response reproducibility.

In this investigation it was hypothesized that the CI
processor-electrode coupling transduces the speech
syllable reflecting its temporal and spectral components.
In this respect, it mimics speech ABR reported in normal
individuals.

Participants and methods
Participants
Ten prelingually deafened children using CIs were
selected. Particpants’ ages ranged from 5 to 10 years
(four male and six female). The study was approved by
the local ethics committee, and an informed consent
was obtained from each participant’s parent before
inclusion. Criteria for selection were as follows:

(1) Preoperative computed tomography (CT) and
MRI of the petrous bone, indicating normal
anatomy of the cochlea and eighth nerve.

(2) Postoperative CT of the petrous bone showing full
insertion of the 12-electrode (Med-EL, Innsbruck,
Austria) standard array.

(3) Implantation in the right ear.
(4) Participants with all electrodes enabled.
(5) For all participants the same coding strategy was

used, fine structure four (FS4) coding strategy.

Informed consent was obtained from every participant’s
parent. Each CI participant was subjected to the
following protocol of evaluation.

Behavioral assessment
All children were examined using warble tones in
decibel hearing level (dBHL) at 250, 500, 1000,
2000, and 4000Hz to obtain aided free-field
thresholds using their final map adjustments.

Speech auditory brainstem response recording
Speech stimulus

Speech-like /da/ syllable 40ms duration, provided
by Kraus brainstem toolbox, was presented at a

repetition rate of 2.1/s and alternating polarity. The
/da/ complex utilizes a five-formant synthetic speech
syllable /da/, produced using a Klatt cascade/parallel
formant synthesizer. A detailed description of the
stimulus is provided in the study by Banai et al. [29].

Stimulus calibration

Calibration of the stimulus /da/ was measured for each
participant at the level of the ear with CI. Stimulus
intensity was measured in decibel sound pressure level
(dBSPL) using a Radio Shack sound level meter. It was
corrected to dBHL by subtracting 20 dB from the
sound level meter dial.

Recording parameters

Responses were differentially recorded using an
electrode montage forehead-to-contralateral (left)
mastoid, chin being the ground. This contralateral
electrode montage was chosen to minimize stimulus
artifact by increasing the distance between the device,
speaker, and the reference electrode. Disposable
electrodes with conductive paste were used.
Electrode sites were cleaned with alcohol and rubbed
with rough gauze to lower skin resistance. To ensure
balanced inputs to the differential amplifier and
optimize signal-to-noise ratio, electrode impedance
did not exceed 3000 Ω and differences between
electrode pairs were kept below 2000Ω.

Responses were averaged for 1000 stimuli. A 60-ms
recording window (including a 10ms prestimulus
period) was used. Responses were online filtered
through a 30–500Hz band-pass filter. An averaged
no stimulus run, with the processor turned on, was used
as a control trace. Moreover, an averaged response with
the processor-off was used as a control trace.

On the basis of a pilot study on CI participants, when
the parameters used in normal-hearing children in the
literature (a stimulus rate of 4.1/s and a band-pass filter
of 30–3000Hz [8]) were applied to CI participants, the
traces had poor definition of response peaks and
troughs. Changing stimulus rate to 2.1/s and
changing band-pass filter to 30–500Hz yielded
clearer recordings with less noise contamination and
visually rated reproducibility. Wave V could be traced
down to 30 dBHL in most cases.

Test procedure

Responses were recorded using Bio-logic navigator Pro
version 7.0.0 (Natus Medical Incorporated, San Carlos,
California, United States). Measures were obtained in a
quiet room and all participants were tested either in a
comfortable state while watching silent cartoon or while
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sleeping. The stimulus /da/ was delivered through a
speaker located 30 cm from the participant’s head at
90° azimuth. Response input–output intensity
function was recorded starting at 70 dBHL and then
at successively lower intensities by 10 dB decrements
down to the level where no visual response could be
attained. Two traces were recorded at each stimulus
intensity to ensure that the response is repeatable. The
two traces were used to assess waveform reproducibility
and then the two traces were added to create an average.

Data analysis of the response

Traces were analyzed using both theMATLABDigital
Signal Processing toolbox and the Kraus brainstem
toolbox in MathWorks’ MATLAB software (The
MathWorks, Inc., Natick, Massachusetts, United
States).

Traces were exported to ASCII format using the
AEP2ASCII software provided by the Natus
corporation version 7.0.0 of Bio-logic navigator Pro.
Digital signals were extracted from the ASCII files;
they had a frequency of four kHz. The stimulus /da/
was retrieved as a WAV file, which had a frequency of
48 kHz.

For the analysis, both the stimulus and responses (traces)
were converted into 8 kHz digital signals. The stimulus
sampling rate was reduced by using a sampling rate
compressor that implements the function: xd[n]=x
[6n], where xd[n] is the compressed stimulus and x[n]
is the WAV file stimulus. On the other hand, the
responses were upsampled by a factor of 2, and then
filtered using a low pass filter to compensate for missing
values. The following formula was used to implement
this upsampling, where yi[n] is the upsampled response
and y[n] is the extracted trace:

yi n½ � ¼ ∑
∞

�∞
y½n�sin π n� 2kð Þ=2ð Þ

π n� 2kð Þ=2 :

All upsampled responses and compressed stimulus
were converted to an AVG format that the Kraus
brainstem toolbox uses.

To analyze the responses and their correlation with the
stimulus, normalized cross correlation was used. In
normalized cross correlation, maximum correlation
was searched across different lag times. The FFR was
correlated to the vowel part of the stimulus, which
bracketed the temporal window (11–40ms) at 60 and
70 dBHL. The FFR included the segment 3ms after
wave V trough to the end of the trace. The normalized
cross correlation allowed clearer illustrations of the cross
correlation even when signals had diverse levels of

energy. The normalized cross correlation of two
signals is the cross correlation of the normalized
signals. Let ~y n½ �, y n½ �, and σy n½ � denote the
normalized signal, the average value, and the SD of
y[n], respectively. Therefore,

~y n½ � ¼ y n½ � � y n½ �
σy n½ �

:

The root mean square (RMS) amplitude was obtained
for the whole response waveform. RMS amplitude was
also measured for wave V peak to its following trough.
RMS amplitude measurement for the FFR included
the segment 3ms after wave V trough to the end of the
trace. The RMS amplitude ratio of wave V to FFR was
calculated at all stimulus intensities.

For each patient, the intertrace normalized correlation
was performed for the following:

(1) Speech ABR traces of similar intensities.
(2) Between speech ABR trace at 60 dBHL and a

control trace recorded and averaged, where no
stimulus was presented, but the processor was
turned on.

(3) Between speech ABR trace at 60 dBHL and a
control trace recorded and averaged when the
processor was turned off.

The prestimulus baseline RMS amplitude was sub-
tracted from the response to remove any noise during
recording.

Labeling of wave V at threshold followed visual
inspection of the peak in the input–output function.
Wave V was marked as the first positive peak 6ms or
earlier, followed by a sharp trough at high stimulus
intensities. To estimate wave V threshold, a bracket-
ing procedure of ‘down-ten/up-ten dBHL’ was applied.
Threshold corresponded to the level at which responses
were obtained for two ascending runs. Wave V was
identified as the positive peak near 6ms immediately
before the negative slope, and A was selected as the
bottom of the downward slope following wave V [8,29].
A reliable peak was judged as having a peak-to-peak
amplitude larger than the prestimulus baseline activity.
Ambiguous peaks were visually assessed by three raters.
Wave V and the FFR were expected to be earlier
compared with speech ABR in normal individuals
despite possible maturational delays. This can be
attributed to loss of cochlear travel time estimated to
be 6ms present in normal individuals [30,31]. A delay of
0.8ms due to the speaker distance from the ear was also
expected and was corrected after peak marking.

Templates for speech ABR performance in CI Mourad et al. 27



Designation of the FFR thresholds followed the
normalized correlation procedure. Two parameters
were measured. First, the percentage correlation
between the two traces when wave V is absent. This
correlation was based on morphology and RMS
similarity. The second parameter is the lag time
between the traces in ms. The FFR threshold was
marked as the minimum intensity at which a maximal
correlation was obtained at ∼0ms lag time. The peak of
maximum correlation had to be a single peak more than
50% to judge the trace as the FFR threshold.

A grand average was constructed for traces of similar
intensities across patients to create a template for peak
marking. Initially, the average latency of wave V of
individual traces at a given intensity was calculated to
give wave V latency of a grand average. Individual
traces were aligned at the average latency of wave V for
a given intensity.

Results
Map levels and aided free-field thresholds
Table 1 shows the mean and SDs of threshold (T) and
most comfortable (C) electrical stimulation levels in
charge units (qu) in final maps and aided free-field
thresholds.

Speech auditory brainstem response morphology
Speech auditory brainstem response grand average

The response consisted of an early segment (waveVpeak
followedbywaveA trough) and a later segment (series of
vertex-negative peaks, which represent the FFR). The
most prominent FFR troughs in the grand averages,
particularly that at 70 dBHL, were waves C, D, and E.
Waves B, F, and O of FFR in normal individuals were
not detected. Figure 1 shows labeled grand averages for
speech ABR at 70, 50, and 30 dBHL. Table 2 shows
speech ABR grand average latencies and amplitudes of
the response segments at 70 dBHL.

Speech auditory brainstem response individual traces

Waveform reproducibility: The response morphology to
the /da/ stimulus was maintained for the input–output
intensity function (70–30 dBHL). Speech ABR trace
reproducibility was maximal at high and moderate
intensities (reaching 99.65% at 60 dBHL). Table 3
shows speech ABR mean trace reproducibility exp-
ressed in percentage and mean lag time in ms at high,
moderate, and low stimulus intensity levels. Figure 2
shows normalized correlation between two traces of the
same intensity. Figure 3 shows normalized correlation
between a true trace and an averaged raw waveform
when the processor turned off (Fig. 3a), and there was T
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no stimulus input (Fig. 3b). The latter two averaged
traces in Fig. 3a and b served as a control
(no stimulus feed to the brainstem pathway).

Thresholds of speech ABR ranged from 30 to
50 dBHL between participants. At threshold the full
morphology (V-FFR) of the speech ABR was detected

(n=7). In one participant, wave V alone was manifest at
threshold. However, in other individuals (n=2), only
the FFR was manifest at threshold. Figure 4 shows the
respective trace morphologies. Table 4 shows speech
ABR mean thresholds for wave V and FFR in dBHL.

Latency of speech auditory brainstem response wave V:
Themean latency of wave was 2.59±0.7ms at 70 dBHL
with a range of 1.81–4.82ms. Figure 5a shows speech
ABR wave V latency-intensity function with the best
linear fitted lines. The slope of the average best linear
fitted line was 0.038.

Root mean square amplitude of the speech auditory
brainstem response response: Figure 5b shows speech
ABR RMS amplitude-intensity function with best
linear fitted lines. The slope of the average best
linear fitted line was 0.091. Figure 6 shows the
mean interamplitude (RMS) ratio of wave V to FFR
(V/FFR) in percentage at different stimulus intensities.
The ratio was greater than 1 at 40 and 50 dBHL.

Stimulus-to-response correlations:The vowel segment /a/
of the stimulus was correlated with the FFR segment
of the response at 60 and 70 dBHL. The responses at
60 and 70 dBHL intensities were chosen for the
correlation as the grand averages at these intensities
displayed the best morphology. Maximum correlation
was based on the best morphology and optimum RMS
similarity as searched across different lag times. The
mean stimulus–response correlation was 18.1±3.1 and

Figure 1

The grand average for speech ABR responses at 70 (a), 50 (b), and
30 (c) dBHL with the responses aligned at wave V. The grand
averages had mean wave V latencies of 2.59±0.7, 3.2±1, and
4.3±0.7ms, respectively. ABR, auditory brainstem response; RMS,
root mean square.

Table 2 Speech auditory brainstem response grand average
latencies and amplitudes of the response segments at
70dBHL

Speech
ABR waves

Measurements V A FFR

C D E

Grand
average at
70 dBHL

Latency (ms) 2.59 4.5 19.77 23.39 31.64
Amplitude

(μV)a
14.79 9.74 2.11 6.29 7.27

ABR, auditory brainstem response; FFR, frequency following
response. aPeak to peak.

Table 3 Speech auditory brainstem response mean trace
reproducibility (%) and mean lag time (ms) at high, moderate,
and low stimulus intensity levels

Stimulus intensity Trace reproducibility (%) Lag (ms)

High (80 and 70dBHL)

Mean±SD 90.88±9.02 0±0.08

Range 70.59–99.32 −0.125–0.25

Moderate (60 and 50 dBHL)

Mean±SD 82.00±18.16 0.3±2.6

Range 24.63–99.65 −4.375–13.625

Low (40 and 30 dBHL)

Mean±SD 58.16±25.16 −0.5±8.03

Range 17.64–98.80 −18.875–21.625

Templates for speech ABR performance in CI Mourad et al. 29



ranged between 12.66 and 25.88%. The mean lag time
between stimulus and response was 6±7.6ms and
ranged from −3.625 to 24ms. Figure 7 shows
normalized correlation between the response (FFR)
and the stimulus (/a/) at 70 dBHL. The maximum
correlation was 25.88% attained at 11ms lag time.
Figure 8 shows a bar chart of the stimulus–response
correlation in percentage at two stimulus intensities of
60 and 70 dBHL.

Radiological profiles
Table 5 shows measurements of anatomical structures
depicted in postoperative CT scan: cochlear length,
internal auditory canal diameter, electrode array
angular insertion, and distribution of electrodes
along the basal, middle, and apical turns.

Discussion
In the present study, acoustic speech ABR was
recorded in 10 CI children. Responses were
evaluated for intertrace reproducibility, stimulus-to-
response correlation, latency-intensity, and RMS
intensity output function.

Speech auditory brainstem response responses
Because of the presence of highly reproducible
transient and sustained neural responses in CI
individuals for /da/, our results suggest that the
neural codes provoked by CI faithfully transcribe the
speech signal. The response shows many fine details as
compared with speech ABR in normal cochleae [8,31].
These details may represent the difference between
auditory nerve firing provoked by electrical stimulation
through CI versus those provoked by acoustic
stimulation through the traveling wave. Electrical
stimulation of the auditory nerve produces a
deterministic firing pattern that is tightly phase
locked to the stimulus. This phase-locked response
follows the all or none rule of nerve action potential
[32–34]. In contrast, acoustic stimulation through
cochlear transduction follows a stochastic firing with
unequal intervals between the peaks due to the
probabilistic nature of hair cell neural connection
[35–37]. In addition, the deterministic nature of
electrical stimulation and the tight phase locking
explains the high amplitude of the waves (Table 2)
compared with norms [29].

Variability in morphology, latency, and amplitude was
noted among implanted patients. The grand average
constructed at different intensities limited this
variation among individuals. Peak and trough
picking in the grand average showed wave V and
waves C, D, and E of the FFR in norms. In
literature norms, FFR represents phase locking to
the fundamental frequency of the stimulus. It occurs
in response to the periodic information present in the
vowel at the frequency of the sound source (i.e. the
glottal pulse). Subsequently, the period between peaks
D, E, and F of the FFR corresponds to the
fundamental frequency of the stimulus. Wave C
marks the transition from the consonant /d/ to the
vowel /a/, whereas the waves D, E, and F represent

Figure 2

Speech ABR trace reproducibility showing two traces recorded at 70 dBHL (a), at 30 dBHL (b) for the same patient, and their normalized
correlation. Maximum correlation is indicated by the blue arrow. ABR, auditory brainstem response; RMS, root mean square.

Figure 3

(a) Normalized correlation between two traces recorded for the same
patient, upper trace at 60 dBHL; implant turned on and lower trace;
implant turned off. (b) Normalized correlation between two traces
recorded in the same patient, upper at 60 dBHL and lower at 0 dBHL.
RMS, root mean square.
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phase locking to the first formant [29]. Absence of
wave F in CI individuals, which is prominent in norms,
may be attributed to the following:

(1) Limited coding of higher frequencies of the first
formant through the CI due to frequency-place
shift of the apical electrodes. The later shift is

Table 4 Speech auditory brainstem response mean
thresholds for wave V and frequency following response
(dBHL)

Cases Wave V thresholds
(dBHL)

FFR thresholds
(dBHL)

Mean±SD 38±8 37±7

Range 30–50 30–50

FFR, frequency following response.

Figure 5

(a) Speech ABR wave V latency-intensity function scatter diagram,
(b) speech ABR response RMS amplitude-intensity function scatter
diagram with best linear fitted lines (solid for individual cases and an
average dashed bold line). ABR, auditory brainstem response; RMS,
root mean square.

Figure 6

The mean interamplitude (RMS) ratio of speech ABR wave V to FFR
in percentage at different stimulus intensities. ABR, auditory brain-
stem response; FFR, frequency following response; RMS, root mean
square.

Figure 4

Speech ABR intensity I/O function for individual patients. (a) A
case in which wave V and FFR thresholds were similar. (b) A case
in which wave V threshold was better than FFR. (c) A
case in which FFR threshold was better than wave V. FFR
threshold is marked by an asterisk. ABR, auditory
brainstem response; FFR, frequency following response; I/O,
input–output.

Templates for speech ABR performance in CI Mourad et al. 31



promoted by deeper electrode insertion and/or
larger angles of insertion [38].

(2) The band-pass filter used in the present study to
record the responses was narrower (30–500Hz)
than that used in literature norms (70–2000Hz).
The bandwidth selected in the studymay hinder the
recording of the first formant higher frequencies.

Speech ABR as reported in the literature was limited to
grand average morphologies at moderate intensity. In
the present study, the grand averages as well as

individual responses among individuals is reported
for wave V and FFR latency-intensity function. The
variability expressed in SDs and wide range for wave V
latency for CI individuals may be an expression of
variable neural survival [39–43] and/or differential
electrical stimulation levels in the different cochlear
turns [44].

The grand average latency of speech ABR wave V in
normal individuals is reported to be 6.6ms when
recorded using insert phones in 8–12-year-old
children [8,29]. The electrical wave V latency
recorded using biphasic pulses for single electrodes is
3–4ms [45–48]. In the present study, the grand average
latency of wave V recorded in CI individuals using
speakers was 2.59ms at 70 dBHL. This early onset is
attributed to bypassing cochlear traveling wave delay,
which∼6ms[47].Theearlier acoustic speechABRwave
V latency inCIs comparedwith electrical waveV latency
is explained by summation andoverlap of electrical fields
caused by complex signals. The acoustic speech ABR
leads to simultaneous and overlapping stimulation of
most electrodes. This simultaneous stimulation of
multiple electrodes produces synchrony of neural
firing and earlier latencies.

There was a clear growth of the RMS amplitude with
the increase in acoustic signal intensity (refer to Fig.
5b). The growth function of the biological neural
responses may be an indication of the following:

(1) Appreciable neural density with subsequently
increased voltage capacity.

(2) The decreased RMS amplitude at low intensities
or for elevated thresholds indicates decreased
neural firing in the former and less surviving
neural population in the latter.

The correlation of the vowel /a/ with the FFR was
generally similar to the norms reported in the literature.
The range of FFR–vowel correlation in CI was
12.66–25.88% at 60 and 70 dBHL, which is in close
similarity to the literature norms (20–30%). However,
the delay at which maximum correlation was calculated
was larger for the current study (−3.625–24ms)
compared with literature norms (5.6–8.1ms) [20].

Figure 7

Normalized correlation between the response (FFR) and the stimulus
(/a/) at 70 dBHL. (a) FFR segment of speech ABR response at
70 dBHL for a case. (b) /a/ segment of the /da/ stimulus. (c) Normal-
ized correlation between the FFR and the /a/ with maximum correla-
tion of 25.88% attained at 11ms lag time (arrow). ABR, auditory
brainstem response; FFR, frequency following response; RMS, root
mean square.

Figure 8

Bar chart of /a/ to FFR correlation in percentage at two stimulus
intensities of 60 and 70dBHL. FFR, frequency following response.

Table 5 Postoperative computed tomographic scan measurements of the cochlea, internal auditory canal, and electrode array

Cochlear length (mm) IAC diameter (mm) Angular insertion (deg.) Number of electrodes in each
cochlear turn

Basal Middle Apical

Mean±SD 31.6±1.1 4.9±0.7 631.1±54.4 5.2±0.63 4.4±0.7 2.4±0.97

Range 29–33 4–6 530–700 4–6 4–6 0–3

IAC, internal auditory canal.
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Because the morphology of speech ABR response in CI
individuals mimics the speech signal in its transient and
sustained portions, brainstem responses to complex
stimuli are viewed as biomarkers for encoding a
speech syllable in the subcortical auditory system.
Speech ABR in individuals with CI showed both
rapid deflections (waveV) and some of the discrete
peaks corresponding to the periodic peaks of the
stimulus waveform in a robust manner.

Role of the fine structure four strategy, and speech
auditory brainstem response, root mean square amplitude,

and lag time in view of the present research

The FS4 strategy was implemented in current research.
In this strategy, the input signal is band-pass filtered
and fed into channels to stimulate the electrode array
tonotopically placed in the cochlea. In the low-frequency
channels, the fine structure is encoded by stimulating the
first four apical electrodes at a rate equal to the
instantaneous frequency of the signals. The amplitude
of biphasic pulses is equal to the instantaneous envelopeof
the signal. For this temporal weighted strategy, phase-
locking stimulation is emphasized simulating the normal
cochlea and increasing the low-frequency information
conveyed to the apical portions of the cochlea to
970Hz [49]. This explains the approximation of the
speech ABR FFR morphology and reproducibility in
CI individuals to that in normal individuals. Muller
et al. [50] reported that FS4 strategy improves vowel
identification and speech understanding inCI individuals
due to phase-locking mechanisms. The high-frequency
channels in the basal electrodes process signals according
to the continuous interleaving strategy principle in which
the envelope of the signal is amplitude modulated at a
constant rate [51]. This principle is applied to the
remaining eight electrodes and simulates the place
theory for frequency coding in the normal cochlea.

RMS similarity and lag time were used to evaluate
trace reproducibility in addition to stimulus–response
correlation. As the use of these parameters reflected
response consistency, they may provide prognostic
measure of speech neural encoding in CI. Assessment
of intertrace correlation based on RMS and lag time
determines the power of the phase-locking abilities of
the auditory nerve and the brainstem. This may also
provide useful information about the effectiveness of a
particular coding strategy as regards low-frequency
signals to neural code transduction.

Electrode array insertion angle and depth
The standard electrode array used in our cases is 31mm
in length, which allows an insertion angle of∼720° [52].
A long electrode would allow the stimulation of more

apical regions of the cochlea with better coding of the
low-frequency information in the vowel /a/. FFR will
therefore displaymost of the described fundamental and
formant frequencies harbored in the stimulus.

Conclusion

(1) Brainstem auditory responses provoked byCI signal
transduction faithfully transcribe the complex input
signal.

(2) Response lag time and RMS are reasonable
biomarkers for response consistency.

(3) User-friendly software programs for clinical
implementation will provide a valuable tool to
assess CI signal transduction.
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