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Relying on themechanismof bat’s echolocation system, a bioinspired electronic device has been developed to investigate the cortical
activity of mammals in response to auditory sensorial stimuli. By means of implanted electrodes, acoustical information about the
external environment generated by a biomimetic system and converted in electrical signals was delivered to anatomically selected
structures of the auditory pathway. Electrocorticographic recordings showed that cerebral activity response is highly dependent
on the information carried out by ultrasounds and is frequency-locked with the signal repetition rate. Frequency analysis reveals
that delta and beta rhythm content increases, suggesting that sensorial information is successfully transferred and integrated. In
addition, principal component analysis highlights how all the stimuli generate patterns of neural activity which can be clearly
classified. The results show that brain response is modulated by echo signal features suggesting that spatial information sent by
biomimetic sonar is efficiently interpreted and encoded by the auditory system. Consequently, these results give new perspective in
artificial environmental perception, which could be used for developing new techniques useful in treating pathological conditions
or influencing our perception of the surroundings.

1. Background

Ultrasound (US) plays an important role in the environmen-
tal perception of many species of mammals (such as rats
and bats) for communication and survival; indeed, they use
incoming US to gather information about incumbent danger,
food availability, and navigational ranging [1]. Although
Rodentia and Microchiroptera do not claim a common phy-
logenetic origin, recent literature reports that there are certain
similarities in bothmammals regarding anatomical organiza-
tion [2, 3].Moreover, the cortical area arrangement and corti-
cal frequency processing are similar to othermammals [4–6].

US frequency range of bats and rats partially overlaps
and both eutherian lineages possess similar encoding process
of mechanical US waves, although with different aims as
spatial navigation and social communication [7, 8]. In this
study, a method for stimulating rats neural centres by using
a bats bioinspired neuroelectronic interface is proposed.
The electronic system for US signal processing is based

on the natural sonar of Pteronotus parnellii and was previ-
ously investigated for modulating brain activity [9, 10]. This
study demonstrated ultrasound waves, which are properly
decoded into bioelectrical signals, travelled along the acoustic
pathway, and successfully reached cortical areas, processing
sensorial information according to the environment or to
cognitive demands. Similarly, exogenous stimulation may
alter sensory perception by acting on the neural networks [11].

Hereafter, we have investigated how different signal pat-
terns, emulating ultrasound echoes, affected brain activity by
means of implanted electrodes connected to an electronic
interface. Different patterns of echo signals at 50 kHz were
encoded into low-frequency signals (a few Hz) according
to auditory system transduction and codification processes,
in order to bypass the auditory pathway and present the
signal directly into the inferior colliculus (IC) of Wistar rats
[12–14]. IC plays a strategic role in relaying and processing
auditory information; indeed, receiving innervation from
both the lateral lemniscus and the auditory cortex, the IC
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can be considered as an interface between the lower auditory
pathway and the auditory cortex [15]. Moreover, the recent
research on ascending auditory system suggests that the
collicular projections influence the acoustic signal processing
by modulating neural response [16, 17].

Electrocorticography (ECoG) recordings during stimula-
tion were characterized by spike and spike-waves in accor-
dance with the nature of audiogenic seizures. Cortical read-
ings revealed that a frequency-lock condition exists, which
had to dowith the stimulus repetition rate, while the intensity
of the stimulus changed neither the shape nor the frequency
locking of the oscillations but only affected their amplitude.
The relationship between US-parameters variation and the
cortical activity showed the ability of the brain to process
the different patterns generated by the sonar. By modulating
neural rhythm, external stimulation could provide new per-
spectives for developing a stimulation technique for treating
pathological conditions inwhich normal perception is altered
or for directly conveying external information.

2. Methods

Microchiroptera send ultrasounds and receive echoes for
orientation, as it happens in other vertebrates. Unlike other
species such as rats, bats have extremely evolved echolocation
system for orientation, prey detection, and capture, by adjust-
ing echolocation calls (e.g., amplitude, time, and frequency),
according to the specific situations. Along the auditory path-
way, the frequency of the incoming signal is then expressed
in a tonotopic organization, and amplitude is coded by vary-
ing the discharge rate of action potentials, while the interval
between signals and the duration is coded by different
temporal patterns of action potentials. Exploiting these
information-bearing parameters (IBPs), different patterns of
signals carrying information about the external environment
have been used in order to verify whether natural oscillations
in the frontal and parietal cortices can be influenced by cogni-
tive activities in rats.

2.1. The Sonar System. The US sonar system is modeled on
the echolocation mechanism of bats, which emit ultrasonic
pulses and then listen to the returning echoes for orientation
[18–20]. It is based on two hemicylindrical polyvinylidene
fluoride (PVDF) transducers; one is used as transmitter of
US signals and emulates the bat’s vocal apparatus, while the
other one is used as receiver and, together with the electronic
interface, emulates the bat’s auditory system.

The ultrasonic transducers are obtained by curving a strip
of 40 𝜇m thick PVDF silver metallised on both large surfaces.
They are structurally equal and interchangeable, with a
resonance frequency which can be modified by changing the
bending radius as described in [21].The resonance frequency
is described by the equation:

𝑓
𝑟
= 12𝜋𝑟√𝑌𝜌 , (1)

where 𝑟 denotes the curvature radius of PVDF film, 𝑌 is
Young’s modulus, and 𝜌 is the polymer density. Blocking

the two extremities of the piezoelectric film, the extensional
motion is converted in the radial direction generating ultra-
sonic waves. Indeed, when the transmitter is excited bymeans
of an electrical signal around its resonance frequency, the
piezopolymer film is free to vibrate forward and backward
transmitting an ultrasonic beam. The circuit for driving the
transmitter consists of an operational power amplifier, a
step-up transformer that increases signals from several Volt
up to several hundred Volt [18, 19]. The receiver converts
the echo into an electrical signal. Before being transferred
to the implanted microelectrodes, the receiver output is
processed by a preamplifier with a high signal-to-noise ratio
for increasing the signal intensity, and an active band-pass
filter which amplifies the frequency components of interest,
as normally happens on the basilar membrane. A full-wave
precision rectifier and a low-pass filter are used to obtain a
signal similar to the bioelectric patterns travelling along the
acoustic nerve [19]. Figure 1 shows the electronic interface
designed for processing the echo.

2.2. Signal Generation. In nature, emitted/received sounds
analysis is of strategical importance for communication and
survival among animal species. These sounds vary with time
in several parameters including amplitude, frequency, and
duration as well as the time interval occurring between each
sounds. Also echolocating bats adjust their calls to optimize
sonar performances. According to bat’s echolocation system,
by changing the IBPs, we investigated the effect induced by
periodic electrical stimulation originated from US processed
echoes on the cortical activity. Indeed, emulating the clicks
emitted by bats, repetitive stimulus duration (SD) of 1ms
was transmitted, and the stimulation signal underwent pro-
gressive changes in terms of peak-to-peak amplitude which
varied from 0.5 to 2V, interstimulus interval (ISI) which was
varied from 50 to 500ms, and fundamental echo frequency
fixed at 50 and 60 kHz (see Figure 1) [20]. Intermittent
stimulation has been used to mimic natural sonar behavior
and to avoid adaptation in the IC. All the stimulation signals
were constantly monitored by means of a digital oscilloscope
during all stimulation phases. Ultrasonic echoes at 50 kHz
and 60 kHz were chosen because all frequencies between
32 and 64 kHz are naturally overrepresented in the acoustic
fovea. This overrepresentation developed first in the cortex
and later in the inferior colliculus suggesting a cortical origin
and corticofugal influences [22]. Moreover, electrical stimuli
were applied to IC whose response has shown a strong neu-
rophysiological correlation with the echolocation calls [23].

2.3. Electrode Implantation. Five male Wistar rats (7 weeks
old; Harlan Italy, Correzzana, Milan, Italy) were used in this
study.The animals were kept under controlled environmental
conditions (2 ± 2∘C; 60 ± 5% humidity; 12 h/12 h light/dark
cycle; light on at 19.00). Access to food (standard laboratory
chow) and tap water was ad lib until experimentation. The
procedures involving animals and their care were conducted
in conformity with international and national law and
policies (EU Directive 2010/63/EU for animal experiments,
ARRIVE guidelines, and the Basel declaration including the
3R concept). The experimental protocols and procedures
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Figure 1: Block diagram of the electronic interface for echo processing and IC stimulation. The received echo is amplified band pass filtered
and rectified in order to obtain unipolar signal similar to that generated in the cochlea. The signal is characterized by 1ms SD with a variable
ISI.

described in this manuscript were approved by the local
ethical committee of the University of Catanzaro. All efforts
were made to minimize animal suffering and to keep the
number of animals used at a minimum. The electrodes used
for stimulating and recording electrical activity in the brain
consisted of a thin copper wire of 7-8mm in length with
a diameter of 10 𝜇m. The wires were electrically insulated
except for the tip. Each animal was anaesthetized through
the administration of amixture of tiletamine/zolazepam (1 : 1;
Zoletil 100�; 50mg/kg i.p.; VIRBAC Srl, Milan, Italy) and
subsequently inserted into a stereotaxic apparatus in order to
carry out an accurate craniotomy which, through small holes
in the skull, allowed the surgical implantation of two intracra-
nial electrodes in the duramater, immediately over the cortex,
for the electrocorticographic recordings and one electrode in
the inferior colliculus for stimulation. Electrocorticography
with a noncephalic point of reference was used to detect brain
activity: one electrode was positioned in the frontal cortex

(AP = −2; 𝐿 = +2.5) and one in the parietal cortex (AP =−6; 𝐿 = +2.5) according to the atlas coordinates of Paxinos
and Watson and a ground electrode was placed on the nasal
bone. Cranioplastic cement anchored the electrodes to the
skull [24]. For stimulation, these rats were implantedwith one
electrode in the inferior colliculus (AP = 0.7; 𝐿 = +2;𝐻 = 3.5)
according to the atlas coordinates of Paxinos andWatson.The
wires were sufficiently spaced to avoid capacitive coupling
between them. The animals were allowed at least 1 week of
recovery and handled twice a day. The stimulating electrode
was connected to the electronic interface and the recording
electrodes to the ECoG acquisition system. ECoG were
acquired using Stellate Harmonie system (Montreal, Quebec,
Canada) connected to the animals by a flexible cable allowing
the animals to move freely without twisting the cable.

2.4. Data Analysis. To assess how a complex neural network,
like brain, codes and processes information, the ECoGs
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were recorded in absence of and during transcranial elec-
trical stimulation [25]. The data were exported from the
Stellate Harmonie system into ASCII text files that were
then imported to MATLAB for analysis. A 50Hz notch
filter has been applied to remove electrical interferences
[26]. Artifact removal from physiological signals such as eye
blinks, muscular movements, and cardiac pulses in ECoG
recordings was performed with Wavelet Transform (WT)
through the use of discrete wavelet (DW) decomposition and
thresholding method. DW transform decomposed signals
in subbands recursively applying high-pass and low-pass
filtering of the time domain using Daubechies-8 mother
function [27, 28]. Parameters of similarity between the noised
signal and the wavelet basis function are given by the output
coefficients of both filters called detail (𝐷[𝑛]) and approxi-
mation (𝐴[𝑛]) coefficient at each level, respectively. Universal
threshold implemented for wavelet coefficients shrinking
was

𝐾 = √2 log𝑁𝜎,
𝜎2 = median( 󵄨󵄨󵄨󵄨𝐶𝑎󵄨󵄨󵄨󵄨0.6745) ,

(2)

where “𝐾” is the threshold value, “𝑁” is the length of the
ECoG signal, and “𝐶

𝑎
” is the wavelet coefficients at “𝑎” level

of decomposition.
ECoG power spectrum density (PSD) was acquired in

the range 0 ÷ 100Hz. The relationship between periodic
stimulation and ECoG activity was analyzed with the Fast
Fourier Transform (FFT) besides comparison between a
“prestimulus” baseline and the ECoG under the different
experimental conditions. In fact, some important features
of the electrophysiological signals determined by time-
frequency analysis (e.g., different brain states, from sleep to
cognitive processing) are reflected by different oscillations in
the ECoG [27]. Spectral analysis was carried out within each
band of interest, that is, delta (1–4Hz), theta (4–7Hz), alpha
(8–13Hz), beta (14–29Hz), and gamma (30–100Hz).

To assess dynamic changes in spectral power over time
we used Chronux toolbox which computes a spectrogram
based on a multitaper analysis. The spectrum was computed
over a sliding 50ms window.The 𝑦-axis represents frequency
in Hz and the 𝑥-axis represents time. Power at a given
frequencywas indicated by the color of each point. Hot colors
represent higher energy and cooler colors represent lower
energy.

Principal component analysis (PCA) is one of the most
common methods for analyzing large data sets, reducing the
dimensionality, allowing the extraction of data features. Clas-
sification of ECoG signals plays an important role in many
neurological studies, for example, for staging a neurologic
disease or for brain-machine interface applications [29, 30].
In this study, PCAwas applied to ECoG, for highlighting how
rats’ brain codes different stimulus features [31]. We began
by binning the data in a set of vectors containing processed
ECoG epochs. From these vectors, covariance matrices were
constructed.

3. Results

During stimulation, the recorded activity was clearly dis-
tinguishable from background activity. Indeed, the cortical
responses recorded by ECoG from both frontal and parietal
electrodes have shown a correlation with the features of the
stimuli, such as amplitude and ISI. By adjusting the amplitude
of the electrical stimulation, we observed changes in activity
on the parietal lobe as shown in Figure 2. Varying theUS echo
frequency, cortical activity did not change significantly.

ISI variations induced in ECoG shape a transition from
spike-waves to spike components when the interval time
between trains was varied from 50 to 500ms, as shown in
Figure 3. Moreover, cortical readings indicate that a fre-
quency-lock condition exists, which has to do with the
stimulus repetition rate.

ECoGs acquired in the parietal region during stimulation,
at different amplitudes, showed that the more the stimulus
intensity was decreased, the longer the latency response was.
Following stimulation, the neuronal activity returned to its
normal background pattern without any latency time. How-
ever, ECoG normalization was also exhibited during stim-
ulation, which is attributable to chemical inhibition of the
synaptic transmission, which could be the result of neuro-
transmitters depletion as well as the presence of inhibitory
neurotransmitters released by the cerebral cortex.

Power spectral density estimation on the parietal and
frontal cortex recordings highlighted that a higher cortical
response in the beta rhythm was induced if compared with
background activity. The higher contents of electrical oscilla-
tions in this band were not related to variations in the
amplitude (Figure 4) and the ISI (Figure 5) of the incoming
information. On the contrary, delta oscillations increased
only during stimulation at 50 and 100ms since the signal fre-
quency was in the range 1–4Hz (Figure 5). Other frequency-
bands were not subject to any significant changes.

The dynamic analysis of ECoG signals, performed during
the transition between the baseline and the stimulation state,
confirmed a change in the spectral energy content following
the auditory stimulation (Figure 6).

PCA is used to detect stimulus-related features of the
dataset more precisely by reducing the data variability. PCA
performed on the ECoG recorded from the parietal (Figures
7 and 8) and frontal cortex (Figures 9 and 10), when variations
of the amplitude and ISI values were carried out, confirmed
that stimulation elicited an alteration in the ECoG allowing a
classification of the ongoing cortical activity recorded during
different stimulation conditions. The distribution of ECoG
epochs detected by the parietal electrode, when the stimulus
parameters vary, has shown more accurate classification
performances than the one generated by the frontal channel.

4. Discussion

The analysis of data showed that neurons modulated their
functional state in response to the external stimulus and its
features, strongly suggesting ECoG reactivity to electrical
inputs. The parietal lobe was considered the focal point of
our investigation since it is highly sensitive to acoustic stimuli
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Figure 2: ECoG recorded from the parietal cortex characterized by spike and spike-waves discharges influenced by the stimulus intensity set
at 0.5 V (a), 1 V (b), 1.5 V (c), and 2V (d).
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Figure 3: ECoG activity recorded from the parietal cortex showing a transition from spike-waves when the ISI is set to 50ms (a) and 100ms
(b) to spike components when the ISI is set at 250ms (c) and 500ms (d).
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Figure 4: PSD evaluated in the delta and beta frequency band
stimulating the IC at variable amplitude.
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stimulating the IC with variable ISI.

and plays an important role in integrating information from
different sensory systems to build an image of the world. Our
aimwas to analyze the effects of different stimulation patterns
on ECoG activity both in time and in frequency domain.

As the stimulation intensity decreased, the cortical activ-
ity attenuated accordingly, while variations in the ISI values
were not always directly correlated to changes in the ECoG
amplitude; therefore, the relationship between repetition rate
and strength of brain activity was not significant. However,
the frequency and the shape of neural response were cor-
related to the repetition rate. Indeed, the brain adapted to
slow auditory stimuli with bursts of spikes at lower frequency
instead of spike-waves occurring at faster frequency.

The oscillations evoked in the beta range revealed that the
brain was able to process the sensory information delivered
into the neural network by means of ultrasound pulses.
In fact, beta oscillations in response to repeated upcoming
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Figure 6: Spectrogram of neural response before and during
intermittent US stimulation delivered at time 𝑡 = 0.
auditory stimuli and a relationship between elevated beta
activity and immobilization during transcranial current stim-
ulation at 20Hz have already been observed [32, 33]. Time-
frequency power plot, further, demonstrated the difference
between baseline power and power in response to stimula-
tion.The onset of the stimulus induced spectral perturbations
that corresponded to the transient synchronization of neu-
ronal populations to the stimulus.

Spikes and spike-waves detection, clearly different from
spontaneous brain activity, confirmed the influence on corti-
cal activity of the stimuli. We pursued this matter observing
the relationship between the frequency of the external signal,
denoted as𝑋, and that of the evoked response, denoted as 𝑌.
When the repetition rate was 50ms and the amplitude of the
stimulation was varied between 0.5 and 2V, brain oscillations
were frequency-locked to the frequency of the stimulus in a
ratio of 2 : 1.

This probably occurred because the induced rhythm
required synaptic kinetics which were too fast for the correct
neurological transfer of information. At 100ms, we observed
a 1 : 1 frequency ratio, proving that the spike-waves were
perfectly locked to the external stimuli at 2 V. This condition
remained unchanged when the electrical pulses were deliv-
ered at repetition rate of 250 and 500ms. By changing the fre-
quency of the waves from 50 to 60 kHz, the neuronal activity
gave rise to a 2 : 1 ECoG frequency-lock because the repetition
rate held steady at 50ms. Analysis of spikes and spike-waves
highlighted how epileptic events produced by the neural
network were frequency-locked to the intermittent external
stimulus at a ratio of𝑋 :𝑌, depending on the repetition rate.

To validate and clarify the stimulation patterns on ECoG
activity we performed PCA in both frontal and parietal cor-
tex. PCA from parietal channel has shown how all the stimuli
generated patterns of neural activity clearly separated, while
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PCA applied to the other channel suggested that stimulus-
evoked activity was attenuated in frontal area since spa-
tiotemporal information mainly activated the parietal region
as reported in literature [34]. The 2D score plot in Figure 7
contains the distribution of cortical activity detected by the
parietal electrode in response to different amplitude values
of the US stimuli: at 0.5 V ECoG recording is localized in
the first, second, and third quadrants, at 1 V it is mainly con-
centrated in the third and fourth quadrants, and at 1.5 V it
is placed in the first and fourth quadrants, while at 2V it is
enclosed in the second quadrant. Figure 8 shows the score
plot generated by ECoG recorded at different values of the
repetition rate of the stimulation signal: at 50ms brain res-
ponse is scattered into the first, the second, and the third
quadrants, at 100ms it mainly occupies the fourth quadrant,
and at 250ms it is grouped in a small area in the second quad-
rant, while at 500ms it is principally concentrated in the third
quadrant. Moreover, background activity falls between the
third and the second quadrants.

Figure 9 displays the biplot of the first two components
of a PCA generated by plotting the scores of the data set
obtained from the ECoG recorded by the frontal electrode
when the amplitude of the US stimuli changes: at 0.5 V ECoG

recording ismainly located in the right upper side of the third
quadrant, at 1 V it has scores in the first, second, and fourth
quadrants, and at 1.5 V it lies in the right upper quadrant,
while at 2 V it is spread out between the second and the fourth
quadrants. Figure 10 shows the score plot calculated from the
ECoG recorded from the frontal electrode by setting different
values for the time between pulses: at 50ms neural activity
is represented by a large dispersion of points in the plot, at
100ms it creates a cluster of points very close to each other
and concentrated in the third quadrant, and at 250ms and at
500ms brain responses overlap in the plot.

The results show how different features of the external
stimulation affect epileptic oscillations in terms of frequency
synchronization, amplitude, and shape on the ECoG traces.
All this provides evidence of signal-related brain activity and
suggests that when the inferior colliculus is externally stimu-
lated and the sensation is perceived, and the cortical response
is specific for every signal sent, making this stimulation
technique interesting and suitable for carrying information.
Moreover, periodic pulse stimulation leads to frequency
locking and thus can be of help in understanding epileptic
seizure control through the modulation of the activity of the
brain [35, 36].
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5. Conclusion

In this study, we stimulated the acoustic pathway with
pseudo-action potentials generated by bioinspired electronic
interface. The stimulation parameters, in particular ampli-
tude and echo frequency, were each significantly correlated
to changes in neuronal response.We demonstrated that ultra-
sonic waves, properly processed and delivered into the infe-
rior colliculus, by means of implanted electrodes, gave rise to
a brain responsemodulated by echo signal features suggesting
that spatial information sent by our stimulation signal was
efficiently interpreted and encoded by the auditory system.
The electronic interface developed could be a promising
strategy for providing environmental information bypassing
the peripheral auditory system.We found that IC stimulation
brought to a frequency-locking condition within a certain
range and that could have an impact for the development of
new methods for the control of pathological brain activity
although further researches are necessary to develop a device,
based on our technology, which can efficaciously act on the
cognitive and nervous systems.
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