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Review Article

The relevance of temporal coding for spatial hearing with

cochlear implants

Abstract

Although cochlear implants (Cls) have revolutionized hearing restoration,
they still exhibit limitations. While efforts have focused on optimizing
the delivery of spectral information, relatively little attention has been
paid to replicating the precise temporal firing patterns of the auditory
nerve observed in normal hearing. Our research explores factors con-
tributing to the poor spatial hearing with Cls by investigating the sensi-
tivity to interaural time differences (ITDs) in cochlear implanted rats.
The use of this animal model allows us to circumvent confounds arising
from patient needs and clinical practice that plague research on human
volunteers. We trained and tested neonatally deafened rats with bilat-
eral Cls delivering exclusively informative pulse timing ITDs throughout,
and found that their ITD discrimination thresholds were as good as
those of normally hearing individuals even at clinical stimulation rates.
Furthermore, we observed that delivering ITDs via pulse timing is much
more effective than delivering ITDs via pulse train envelopes, and that
even small conflicting ITDs can confound sizeable interaural level differ-
ences (ILDs). Our findings thus demonstrate that much better outcomes
with bilateral Cls should be achievable in principle if patients were given
useful and precise pulse timing cues throughout. Our results indicate
that uninformative pulse timing delivered by the majority of current
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Introduction

At a fundamental level, the sense of hearing concerns
itself almost exclusively with time and timing, and our
auditory system appears to be far better at measuring
and processing temporal relationships of events than any
of our other senses. Sound waves are minuscule but ex-
tremely rapid fluctuations in air pressure. The air pressure
change per seis so tiny as to be completely inconsequen-
tial. Although sound transmits very little mechanical en-
ergy, our hearing is astonishingly precise at decoding the
temporal patterns of these tiny pressure fluctuations,
providing us with valuable information about our environ-
ment.

The inner ear makes a significant contribution to this
temporal pattern analysis by performing a time-frequency
analysis while the incoming sound waves are passed
through the mechanical filter bank of the cochlea. This
establishes a place code for the spectral content of sound
in the auditory nerve (AN), but it also generates a time
code, as the action potentials of the auditory nerve fibers
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synchronize with the temporal patterns in each frequency
band with microsecond accuracy. Cochlear implant (Cl)
research primarily attempted to optimize the transmission
of place coded information to the AN, for example by
seeking to reduce interactions between neighboring
electrode channels through measures such as interleaved
sampling [1] or current focusing [2], [3]. However, rela-
tively little effort has been expended to replicate the ex-
traordinarily precise temporal firing patterns that can be
observed when the normally developed auditory nerve
encodes natural sounds [4]. The majority of current clin-
ical Cl processors offer pulsatile electrical stimulation
with a fixed pulse rate between 900 and 3,700 pulses
per second (pps) on most or all of their stimulation
channels, irrespective of the temporal fine structure of
the sound waves to be encoded [5], [6], [7], [8]. The
question we address here is whether or to what extent
this neglect of temporal fine structure coding in current
stimulation strategies represents a missed opportunity
for optimal hearing perception in Cl patients.

In our recent work, we sought to address this question
in a series of behavioral and electrophysiological experi-
ments investigating the ability of laboratory rats to resolve
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tiny interaural time differences (ITDs). The normally
hearing auditory system is capable of resolving ITD of a
few tens of microseconds and uses this as a powerful
cue for sound source lateralization [9], [10] and auditory
scene analysis [11]. Furthermore, it has been suggested
that ITD discrimination and the ability of the auditory
system to use temporal cues for the arguably even more
important pitch perception skills may rely on common,
underlying temporal processing mechanisms in the
auditory brainstem [12]. ITD discrimination is therefore
not only a remarkable and helpful ability, but can also be
a useful indicator of the general competence of an audi-
tory system to process temporal cues in the sub-milli-
second range. At the same time, ITD discrimination is
relatively easy to measure experimentally in both human
and animal subjects.

ITD sensitivity in human bilateral CI
patients

At present, ITD sensitivity is generally substantially worse
in human bilateral Cl (biCl) patients than normally hearing
listeners. With the exception of the FSP/FS4/FS4p fine
structure strategy from MED-EL, which we will discuss in
more detail at the end of this article, standard clinical
practice is to provide patients with two independent pro-
cessors that deliver electrical pulses at fixed pulse rates
and at times that are independent of incoming sounds
or the timing of pulses in the other ear. Interestingly,
however, the ITD sensitivity of Cl patients remains poor
even when tested with experimental processors that de-
liver precise pulse times. Patients with early acquired
hearing loss show the poorest ITD sensitivity. This is illus-
trated, for example, by Litovsky et al. [13], who reviewed
data from a cohort of 34 bilateral Cl patients with different
onset times of deafness. We replotted their data here in
Figure 1. All symbols in Figure 1 show behavioral ITD
sensitivity thresholds measured with electrical pulse train
stimuli delivered to electrodes in the middle turn of the
cochlea of each ear. Experimental processors were used
that enable the delivery of ITD with precise pulse timing.
The circles show the ITD thresholds of Cl patients who
lost their hearing either in adulthood (green circles),
childhood (blue circles), or prelingually (red circles). For
comparison, the dotted purple line shows the approximate
ITD threshold one would expect to see in normally hearing
humans [9], [14], [15], [16].

It is immediately apparent that only a tiny minority of hu-
man Cl patients came close to matching the performance
of normally hearing people. It should be noted that the
data is plotted against a logarithmic y-axis in order to
visualize the wide distribution of the often poor thresholds
of many bilateral Cl patients, and not because spatial
hearing scales logarithmically with ITD in any way. The
severity of the impairment of ITD sensitivity is therefore
greater than it may appear visually. For source locations
close to the midline, ITD scales approximately linearly
with the source angle. The adult bilateral Cl patients
shown in Figure 1 have a mean ITD threshold of approx-

imately 270 ps. This means that the spatial resolution of
this binaural cue is on average approximately ten times
worse than in normally hearing participants. Figure 1 also
shows that Cl patients who became deaf early in life,
either as children (blue circles) or as babies (red circles),
have an increased risk of poorer or even absent ITD
sensitivity. In the study by Litovsky et al. [13], 4 out of
11 patients who became deaf in childhood, and 2 out of
4 patients who became prelingually, had no detectable
ITD sensitivity. A later study by Ehlers et al. [17] confirmed
that prelingually deaf Cl patients exhibit particularly poor
ITD sensitivity, and reported that 7 out of 10 patients had
ITD thresholds >7,000 ps, and thus not measurable. In
contrast, none of the 17 adult bilateral Cl patients
(Figure 1, green circles) had ITD thresholds >7,000 us,
even if their ITD thresholds were on average ten times
worse than expected in normally hearing individuals.
The observation that early deaf Cl patients often show
poorer ITD sensitivity has led to the at first brush perfectly
reasonable suggestion that early deafness may lead to
a failure of the binaural timing circuitry of the auditory
brainstem. Referring to the “critical period hypothesis”,
a lack of auditory input during the early development of
the auditory system was blamed for this [13], [17], [18].
However, while the human data reproduced in Figure 1
are indeed strongly suggestive of experience dependent
plasticity playing a role, it clearly cannot be the only factor
behind the poor ITD sensitivity outcomes in Cl patients,
given that adult deafened cohorts also exhibit greatly el-
evated ITD thresholds on average [13], [19], [20], [21],
[22], [23].

Unfortunately, our ability to investigate all clinically rele-
vant factors in human patient volunteers is very limited.
For example, most or even all Cl electrode channels of
clinical Cl processors only present accurate and thus in-
formative pulse ITD under experimental conditions. In
normal everyday use, however, the pulse ITD of neuro-
prosthetic signals are essentially random numbers, which
are not only uninformative but also potentially highly
misleading. The problem is that an auditory system pre-
programmed by evolution expects to receive useful ITD
information and to combine it with other cues to optimize
spatial hearing. It is therefore possible that the auditory
pathway may react to a sustained “diet” of inappropriate
pulse timing by becoming desensitized to what would
normally be a powerful temporal cue. Furthermore, this
desensitization could be particularly pronounced in early
deaf Cl patients who had little or no experience with be-
neficial ITDs. However, investigating whether this is in-
deed the case is very difficult to do in a human patient
population who have a clear clinical need to keep using
the currently approved processing strategies in order to
benefit, for example, from the valuable speech recognition
cues that these devices do provide. To fully reap these
benefits, patients typically have to invest many months
of practice, as they learn to make the most of the specific,
and quite unnatural, input provided by their particular
devices. In doing so, learning to ignore uninformative
patterns is likely just as important as learning to recognize
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Figure 1: Comparison of ITD behavioral thresholds for interaural time differences (ITD) of 34 human Cl patients (circles) with
varying degrees of hearing experience versus 16 neonatally deafened Cl rats (diamonds). The bilateral Cl patients lost their
hearing either in adulthood (green circles), in childhood (blue circles), or prelingually (red circles). The testing was performed
using research processors that enable the presentation of informative pulse ITD. The black diamonds show the thresholds of
16 neonatally deafened bilateral Cl rats. From the start of stimulation, all animals received informative ITD information on
pulse timing and the envelope. Human data from [13]. Rat data from [25]. Figure modified from [48].

and evaluate informative patterns. However, research
into this possibility is fraught with serious technical and
ethical limitations, given the risks of interfering in the
patients’ journey towards making the most of the currently
available standard of care. It is therefore difficult to avoid
the data from human patients being affected by the ef-
fects of current clinical practice.

Improving ITD sensitivity: What the
Cl animal model teaches us

To overcome the limitations of human studies, we have
developed a behavioral animal model that allows us to
investigate ITD sensitivity to pulse timing during Cl stimu-
lation while fully controlling our animals’ acoustic or
electric hearing experience. After demonstrating that
normally hearing rats can learn ITD lateralization tasks
easily and quickly and are able to distinguish minimal ITD
of ~50 us [24], we trained neonatally deafened (ND) rats
on ITD lateralization who were fitted with bilateral Cls
(biCl) in young adulthood [25], [26]. The results were re-
markable. The black diamonds shown in Figure 1
demonstrate the behavioral ITD thresholds of 16 ND biCl
rats tested with 300 pps pulse trains [25]. The mean ITD
discrimination threshold for these animals is only 35 ps,
and is not significantly different from those of normally
hearing rats (sign rank test compared to comparable data
from [24], p=0.16), while the mean ITD threshold of adult
biCl patients is around ten times worde than in normally
hearing humans (Figure 1). None of our biCl animals had
an elevated ITD threshold, even though they received no

auditory input throughout their development until sexual
maturity.

Our animal data are both surprising and highly encour-
aging, as they show that essentially normal ITD discrimi-
nation is at least in principle achievable through biCls,
even after prolonged hearing impairment throughout early
life. This may seem surprising, especially in light of previ-
ous electrophysiological studies on congenitally deaf cats
and neonatally deafened rabbits [27], [28], [29], [30],
[31], [32], [33], which reported comparatively poor ITD
sensitivity in the auditory midbrain or cortex of these early
deaf animals. However, a careful look at these studies
shows that the authors scanned ITD in very large steps
and tested very few ITD values within the physiological
range of the animals, which limits the usefulness of these
data sets for predicting an animal’s likely ability to distin-
guish ITDs of ten microseconds. We therefore recorded
ITD tuning curves of inferior colliculus (IC) neurons in ND
biCl rats, focussing on the animals’ physiological range,
and sampling ITDs in 20 us steps. These electrophysiolo-
gical measurements were performed under anesthesia,
within hours after implantation, so that there was essen-
tially no opportunity for experience dependent plasticity
to shape the observed neural tuning curve. The observed
responses are therefore indicative of the “raw”, hardwired
state of an auditory midbrain that has grown up without
either acoustic or prosthetic auditory stimulation. Even
in this “raw”, inexperienced and developmentally deprived
state, 85% of the recorded multiunits (groups of neurons)
showed at least some sensitivity to ITD in the range of
+160 ps, and many multiunits modulated their firing rates
significantly in response to ITD changes of only a few tens
of microseconds, as shown in the example in Figure 2.
This figure shows a multiunit whose firing rate halves
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Figure 2: Responses of a group of neurons (multiunit) in the IC to binaural electrical pulses with different ITDs. The data were
measured in a neonatally deafened rat that was implanted with biCls in young adulthood. Negative ITDs denote stimuli for
which the ear contralateral to the recording site is leading. Left: Raster diagram, each blue dot shows an action potential, each
row of dots shows the responses during a single trial, green and white bands group the responses to different ITDs as shown
on the left. Right: Neuronal tuning curve for the same stimuli as on the left. The error bars show the SEM value of the response
amplitude at 30 presentations of each ITD stimulus. Based on Fig. 2 from [49].

when the ITD changes from 20 ps to 60 us (contralateral
ear leading). These data thus demonstrate that the
auditory midbrain of ND animals is capable of encoding
abundant amounts of information about pulse timing
ITDs with a resolution of tens of microseconds. This also
explains why it is not difficult to train ND Cl animals to
lateralize small pulse ITDs.

Our observation that biCl rats have no difficulty distinguish-
ing very small ITDs has opened up new experimental av-
enues for investigating factors involved in the develop-
ment of ITD sensitivity. We have already mentioned the
possible influence of a “critical period” in development.
This now appears to be less important, as the excellent
ITD sensitivity shown in Figure 1 and Figure 2 originates
from our biCl rats without early hearing experience during
their development. Of course, humans develop much
more slowly than rats, and early deaf human patients
may undergo much longer periods of auditory deprivation
in absolute terms than our ND rats did. We therefore
cannot exclude the possibility that, for human Cl patients,
critical period effects may nevertheless play a role. Nev-
ertheless, our animal data make the poor ITD sensitivity
of human patients appear much less inevitable, irrespec-
tive of whether their hearing loss occurred very early or
late in life.

To elucidate other factors that might contribute to the
reduced ITD sensitivity in human CI patients, we have
used our behavioral biCl rat model to answer two impor-
tant questions: 1) Do ITDs really have to be delivered
through pulse timing to be effective, or could pulse train
envelopes be just as effective at delivering sub-milli-
second temporal cues? 2) How does ITD sensitivity inter-
act with other spatial cues such as interaural level differ-
ences (ILDs) in the prosthetically stimulated auditory
system?

Studies on human patients investigating the relative ef-
fectiveness of pulse ITD compared to envelope ITD have
already been conducted [19], [34], [35], [36]. Given the
limitations faced by human studies described above,
most of these studies could only examine patients who
happen to have relatively good ITD sensitivity by the

standards of biCl patients, whose auditory system had
been adapted to clinical processors, and the experiments
could only use stimuli with large ITD values of several
hundred ps, at pulse rates of 50 to 400 pps, which are
too low to be useful in clinical practice. With our ND biCl
rat model, however, we were able to investigate the
relative effectiveness of pulse timing and envelope ITDs
in an auditory pathway that has not been conditioned by
months of clinical processor use, using ITD values that
are indicative of good binaural sensitivity (+80 us), and
at high pulse rates (900 and 4,500 pps). We showed that
ND biCl rats were many times more sensitive to pulse
timing ITDs than to envelope ITDs, regardless of the en-
velope shapes and pulse rates tested [37].

An obvious question is how pulse timing can favor ITD
discrimination even at such high pulse rates, especially
since one would expect that individual pulses cannot be
resolved at rates above 4,000 pps. One possible answer
to this question is that at high pulse rates, the auditory
brainstem generates an onset response when the first
pulse in the stimulus sequence is large enough to elicit
a neural response in the auditory nerve. The results of
animal experiments published by Hancock et al. [38]
support this idea. In that case, the onset responses that
the brainstem uses to time envelope features are still
“locked to the temporal grids” set up by the pulse timing
generators in each Cl processor. Pulse timing then
strongly determines temporal processing even at pulse
rates so high that the auditory brainstem is no longer able
to represent each pulse in a train individually. In any
event, our experimental data clearly show that the timing
of individual pulses matters a great deal, and that it
cannot be substituted for with precise envelope timing.
The decision by Cl companies to make pulse timing in
most or all electrode channels completely independent
of the temporal characteristics of the incoming sound is
therefore very likely to have consequences for Cl patients.
Recent modeling work by Josh H. McDermott's group
supports our conclusion. By simulating possible causes
for the poorer hearing performance of Cl patients in
models of Cl-mediated hearing, they provide important
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evidence that the usual clinical provision of temporal in-
formation exclusively on the envelope of the electrical
stimulation is insufficient [39].

A bilateral ClI patient with clinical processors currently
receives essentially random pulse ITDs generated by the
relative phase delay between the two pulse generators,
which stimulate the left and right ears independently of
each other. Assuming that the CI patient’s processors
operate at pulse rates of approximately 1,000 pps, the
respective channels in each ear receive approximately
one pulse every millisecond independently of each other,
and the pulse ITDs are therefore random numbers
between zero (pulses are randomly synchronized) and
500 us (pulse falls exactly in the middle between two
pulses in the other ear). The phase relationship between
the two processors also shifts in an unpredictable manner
that is independent of the incoming sounds. The question
is, what would we expect from a newly implanted, still
inexperienced auditory system that has to process such
uninformative, random pulse ITDs? In normal spatial
hearing, ITD cues are unconsciously combined with ILDs
and other cues to form an integrated perception of the
source location. When ITD and ILD cues differ, the ear
normally tries to find a compromise for localisation. For
example, a sound that is slightly louder in the left ear but
slightly earlier in the right ear may be perceived as lying
on the midline. This is a phenomenon known as time-in-
tensity trading. The relative strength of ITD and ILD cues
in shaping overall spatial perception is called the time-
intensity trading ratio (TITR) and is quantified in us/dB
[40], [41], [42], [43]. To understand the likely impact of
randomized pulse timing ITDs delivered by clinical
devices, it would be important to know TITRs for the ClI
stimulated auditory system in its native state. The more
strongly TITRs are weighted in favor of ITDs (i.e., the
smaller the TITRs), the greater the potential for random
pulse timing ITDs to override useful ILD information and
thus mislead Cl patients about spatial height.

We recently completed experiments to investigate the
interactions between ITD and ILD cues in ND biCl rats.
Figure 3 shows a subset of these data [44]. The left
panel of Figure 3 shows the waveforms of two stimuli
used in the behavioral experiments. The biCl rats were
trained and tested to localize stimuli in which the ILDs
and pulse timing ITDs were varied independently. Positive
ILD and ITD values favor the right ear and negative values
favor the left ear. For clarity, we consider only two partic-
ularly informative stimuli from a larger set of test stimuli:
a stimulus with -4 dB ILD (left ear louder) and O ITD
(Figure 3, top left) and a stimulus with -4 dB ILD (left ear
louder) and +80 ps pulse ITD (right ear leading in time)
(Figure 3, bottom left). The right panel shows the percent-
age of cases in which the four ND biCl rats lateralized
these stimuli to the right side. Given the clear ILD favoring
the left side, all four animals lateralized the -4 dB/0O ps
stimulus to the left in the vast majority (approximately
70%) of trials, as expected. However, in all four animals,
we also see a statistically significant shift in perception
to the right when the -4 dB ILD was paired with a +80 us

ITD. Three out of four animals now heard the stimulus
predominantly on the right. Thus, a relatively small and
contradictory ITD of only +80 us was sufficient to extin-
guish a relatively strong ILD indication of -4 dB. In an
early deafened and therefore inexperienced auditory
pathway without prolonged conditioning with clinical
processors, the TITR appears to be in the range of
20 ps/dB or smaller.

Assuming that the mechanisms for extracting and com-
bining binaural cues are essentially similar across mam-
malian species, what would a TITR of around 20 ys/dB
imply for a prelingually deaf patient who has just been
fitted with a pair of clinical processors? Given the obser-
vations described above, we would not only expect this
patient’s auditory system to be very sensitive to small
pulse ITDs initially, but we would also expect this ITD
sensitivity to be heavily weighted when ITD and ILD cues
are combined. By simply extrapolating a TITR of
~20 ps/dB, one would predict that random pulse ITDs
of, for example, 500 ps could interfere with informative
ILDs of up to 25 dB. To put this number into perspective,
we must take into account that in electrical Cl hearing,
the entire dynamic range of encodable stimulus intensi-
ties is significantly reduced with about 10 to 20 dB com-
pared to acoustic hearing [45]. In that scenario, random
pulse timing ITDs would be able to confound even the
largest ILDs that clinical devices can possibly deliver.
Admittedly, the linear extrapolation made here over such
a large range of binaural cues may not be entirely valid,
but the data in Figure 3 nevertheless clearly show that
even a small “wrong” pulse timing ITD has the potential
to mask a “correct” ILD. At present, it seems reasonable
to assume that this situation also applies to human biCl
patients whose auditory system is constantly bombarded
with uninformative pulse timing ITDs from their clinical
processors. We therefore assume that these patients
must somehow “learn” to become insensitive to mislead-
ing pulse timing ITD if they are to be able to derive any
benefits from the usually informative ILDs delivered by
their devices. The poorer ITD sensitivity of Cl users is
therefore probably the result of an adaptation process in
which the normally excellent temporal sensitivity of the
binaural system is suppressed because the information
it collects is only disruptive under clinical stimulation. The
poorer ITD sensitivity of early deaf patients, as described
in Figure 1, may be due to the fact that these patients
had particularly little experience of useful ITD input, and
were fitted with implants at a relatively early age, when
the auditory pathway may still be more plastic, and
learned to suppress the unhelpful ITD input. This process
appears maladaptive in that it reduces the ITD sensitivity
of the auditory system, which should actually be well de-
veloped but in this context only confuses the system. The
hypothesis that prolonged exposure to uniformative pulse
timing ITDs may lead to a decline in ITD sensitivity is in
principle testable experimentally in our behavioral rat
model, and experiments aiming to do that are currently
underway in our laboratories.
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Figure 3: Behavioral data from four neonatally deafened rats with bilateral Cls trained in lateralization of binaural Cl stimulus
pulse trains of varying ITDs or ILDs. Left: Waveforms of the binaural pulse train stimuli considered in this example: the left ear
pulses are 4 dB larger in amplitude than the right ear pulses, and they are delivered either synchronously (0 ps ITD, top), or
very slightly earlier in the right ear (+80 us ITD, bottom). Right: Percentage of trials on which each rat responded on the right
as a function of the stimulus parameters shown on the x-axis.

For the sake of completeness, we would like to conclude
by mentioning one exception of clinical processors by
MED-EL, which since 2010 have been providing Cl pa-
tients with pulse timing ITDs on four out of twelve stimu-
lation channels via the FS4 and FS4p fine structure
strategies by detecting the zero crossings of the acoustic
signal and synchronizing to them [46]. This should, in
principle, enable better ITD perception to be developed,
at least in the lower-frequency channels, as the auditory
system of these patients is supplied with informative
pulse ITDs. A study by Fischer et al. [47] suggests that
the advantage of FS4 fine-structure coding may be con-
text-dependent. When FS4 Cl patients were tested with
low-frequency tones, they showed improved ITD discrim-
ination in comparison to using a strategy without fine
structure coding (HDCIS). However, this benefit was lost
when the patients were tested with broadband noise in
free field. One possible explanation for this is that with
broadband signals, the majority of Cl frequency channels
(8 out of 12 stimulation electrodes) provide misleading
pulse ITDs, masking the benefit of fine structure coding
on channels 1 to 4. In natural hearing of broadband sig-
nals, ITD values are coordinated across all frequency
channels. In summary, we believe it is important to
provide biCl patients with as much more natural informa-
tion as possible via electrical stimulation and, for ex-
ample, to integrate the presentation of fine structure in-
formation into clinical processors. In our opinion, fine
structure coding strategies represent an important step
in the right direction. In the future, the provision of infor-
mative pulse ITDs across the entire cochlea could further
improve spatial hearing in biCl patients.

Conclusion

Our data show that animal models are uniquely useful in
the search for possible causes of limited hearing ability
in Cl patients. Using early deafened Cl rats, we have
shown that ITD sensitivity to Cl stimuli can in principle be
as good as in normally hearing individuals, even after
substantial periods of auditory deprivation during early
development. We also showed that good ITD sensitivity
can be achieved even at relatively high clinical pulse rates
(~900 pps). In experiments trading pulse timing and en-
velope timing cues off against each other, or trading pulse
timing ITDs off against ILDs, we were able to confirm that,
at sub-millisecond time scales, pulse timing matters
greatly. It cannot be replaced by temporal envelope fea-
tures, and the native sensitivity to pulse timing ITDs would
be strong enough to disrupt the correct lateralization of
ILD cues with Cls when the auditory system is exposed
to random pulse timing. The data shown in Figure 3 thus
suggest that the normally quite good ability of bilateral
Cl patients to use ILD cues may depend on their loss of
sensitivity to ITDs. The decision by Cl companies to make
pulse timing completely independent of the temporal
characteristics of the incoming sounds in most or all
electrode channels is therefore likely to be a major cause
of poor binaural hearing in bilateral Cl patients.
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