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Abstract— Theresearch on non-invasive BCl is nowadays
hitting the bottleneck due to the humble quality of scalp EEG
signals. Whereas invasive solutions that offer higher signal
quality in contrast are suffocated in their spreading because
of the potential surgical complication and health risks
caused by electrode implantation. Therefore, it puts forward
a necessity to explore a scheme that could both collect
high-quality EEG signals and guarantee high-level operation
safety.This study proposed a Minimally Invasive Local-skull
Electrophysiological Modification method to improve scalp
EEG signals qualities at specific brain regions. Six eight-
month-old SD rats were used for in vivo verification experi-
ment. A hole with a diameter of about 500 micrometers was
drilled in the skull above the visual cortex of rats. Significant
changes in rsEEG and SSVEP signals before and after
modification were observed. After modification, the skull
impedance of rats decreases by about 84 %, the average
maximum bandwidth of rsEEG increase by 57 %, and the
broadband SNR of SSVEP is increased by 5.13 dB. The
time of piezoelectric drilling operation is strictly controlled
under 30 seconds for each rat to prevent possible brain dam-
age from overheating. Compared with traditional invasive
procedures such as ECoG, Minimally Invasive Local-skull
Electrophysiological Modification operation time is shorter
and no electrode implantation is needed while it remarkably
boosts the scalp EEG signal quality. This technical solution
has the potential to replace the use of ECoG in certain
application scenarios and further invigorate studies in the
field of scalp EEG in the future.
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tion, minimally invasive, SSVEP, EEG.
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|. INTRODUCTION

RAIN-COMPUTER interface (BCI) technology is one of

the research hotspots in neural engineering [1], [2]. The
difference in signal sources can be divided into two categories:
non-invasive BCI and invasive BCI [3], [4]. The non-invasive
BCI that based on Electroencephalogram (EEG) has attracted
wide attention from researchers and industries because of its
undeniable safety and convenience [5], [6]. However, due to
the relatively low quality of EEG signals, its limitations in
real practices are also still large [7], [8]. In fact, the quality
of signals obtained via invasive BCI such as Electrocorticog-
raphy (ECoG) significantly outperforms EEG in the signal
quality [9]. According to the study by Benjamin et al. in 2018,
the Steady-State Visual Evoked Potentials (SSVEP) recorded
by ECoG is about 7 dB higher than that recorded by EEG [10].
However, its drawbacks such as health problems resulting from
electrode implantation [11], high risk of craniotomy [12], and
the attendant ethical problems [13], [14] make it nearly impos-
sible to be widely promoted among healthy people. Therefore,
exploring a signal acquisition method to balance between
moderate signal quality and surgical risk is an emerging
problem to solve in the field of BCI research and development.
There are multiple different tissues lying between cerebral
cortex and EEG electrodes on the scalp, where the skull’s
electrical resistivity is prominently the highest among them,
making it the largest blockage of EEG signals [15]. There
since have been many studies on the obstruction effect of
skull over EEG signals. Rush et al. carried out an experiment
using a half-dry skull and found that the conductivity ratio
of the penetrating fluid to the immersed skull was 80 [16],
so they believed that the electrical resistivity ratio of the
scalp to the skull should also be 80 [17]. More recently,
some scholars have concluded from in vivo and in vitro
bidirectional tests that the electrical resistance ratio of the
scalp to skull should be around 15, assuming that the whole
skull is homogeneous.[18], [19]. However, human brain is
sophisticatedly heterogeneous, composed of eight bones with
the thickness of each being slightly different, and the suture
structure of it also varies from other parts [20]. Some scholars
have discovered that the EEG signals obtained on some
relatively thin bones and sutures are largely different from
others [21]. Furthermore, cranial damage can also cause signal
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Fig. 1. (a) Bio current flow diagram before and after skull reconstruction. (b) The schematic diagram of the MILEM process. We use a piezoelectric
drill to smash bone tissue subcutaneously via high-frequency physical resonance.

mutations. Evidences show that the amplitude of evoked
potential EEG signals collected at the site of skull damage
increased significantly [22]-[24]. Kendel ef al. compared the
EEG signals at the defect site and its symmetrical position
of 30 patients with skull defect and found that the amplitude
of signal amplitude at the defect was five times higher than
that at the same area on the opposite side [25]. Cobb et al.
studied 33 people with a skull fracture and found that the
alpha frequency band energy was significantly improved [26].
The above results demonstrate that it is feasible to improve
the signal quality of specific brain regions by changing local
electrical conductivity through small-scale surgery.

Current BCI technology, commonly utilizing paradigms
such as SSVEP [27], motor imagery [28], and P300 [29],
relies heavily on the decoding of specific signals in partic-
ular brain regions [5]. Therefore, it is consistently looking
for better EEG signals for better application effect. Given
that previous studies have verified that signal amplitude
can be changed through local skull conductivity transforma-
tions [22]-[26], we proposed a local skull electrophysiological
modification (MILEM) scheme to help restore signal quality.
The bone tissue covering task-related brain regions of the
specific BCI paradigm is to be perforated by a piezoelectric
drill to overcome signal decay across the skull obstacle and
thus to enable the scalp electrode to obtain high-quality
EEG signals.

Il. METHODS

A. Skull Electrophysiological Modification

The skull’s hindrance to EEG signals is enormous [15],
which can block ion flow and thereby block the propagation
of EEG signals from the cortex to the scalp [30]. But once the
skull hole is penetrated, allowing the tissue fluid to naturally
fill in the hole, it would open a pathway for ion current to
travel though, leading to a significant increase in the signal
amplitude detected on the scalp, as shown in Figure | (a).

Figure 1 (b) demonstrates the process of the MILEM. For
the start, the drill bit is directly inserted into the subcutaneous
layer and positioned right on the skull. After stabilization,
ultrasound is enabled by the transducer to pierce the skull.
Based on Salem et al. > s 2019 study indicating that opening
a centimeter-level hole in the patient’s skull does not have sig-
nificant effect on physiological indicators such as intracranial
pressure [31], the pore diameter was set about 500 micrometers
in this operation protocol.

Piezoelectric technology is chosen to generate high-intensity
focused ultrasound in aim to penetrate the bone tissue. Piezo-
electric surgical devices are often used in clinical fields such
as dental surgery [32], [33]. Given the fact that human
tissues have different resonance frequencies, by outputting
adequate frequency, the piezoelectric technology can achieve
the effect of penetrating bone tissue without injuring soft
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Fig. 2. Diagram of the piezoelectric drill. The drill is composed of a
stainless-steel core and a silicon carbide layer on the surface. The back
end of the drill is connected with an ultrasonic transducer made of piezo-
electric ceramics. Its output ultrasonic frequency range is 28-35 kHz, and
the output power is 50W.

tissue [34], [35]. However, according to Kotrikov er al.,
although piezosurgery can effectively protect the dura mater
during craniotomy, its cutting time is more than twice that
of traditional technology which might account for the reason
why it has not been widely used nowadays [36]. In our
study, in regard of this issue, cutting time is strictly limited
within 30s to avoid collateral damage. To meet demand of
such higher operating efficiency, a piezoelectric surgical drill
is specially designed and used. The drill bit is shown in
Figure 2.

B. Steady-State Visual Evoked Potentials Paradigm

Steady-State Visual Evoked Potentials (SSVEP) is a stan-
dard visual evoked potential [37] found in various mammalian
groups [38], [39]. Due to its unique frequency-following char-
acteristics and the strong energy that is measurable for EEG,
this paradigm is greatly employed in BCI research [5], [40].
In our experiment, SSVEP is used as a signal indicator to
compare the EEG signal quality before and after MILEM.
As shown in Figure 3 (a), rats are made to stare at the
stimulus screen in a room where the ambient light is masked.
A single SSVEDP test trial consists of a 10s full-screen SSVEP
stimulus target and two 2s preparation time before and after
the stimulation (Fig. 3 (b)). We adopted sinusoidal stimulation
and set its frequency above 10 Hz to avoid ECG interference
(the heart rate of rats was between 370 and 580 beats/min,
i. e., about 9 Hz). Different frequencies is designed with an
increasing interval of 2 Hz (11, 13, 15, 17, 19 Hz). There
were five trials for each stimulus frequency. The sequence is
randomized by computer programs.

C. Design of Experiment

In order to verify the effectiveness of MILEM, we conduct
the before-after study through in vivo experiments on rat
models to examine the change of impedance and EEG values.
Six 8-month-old SD rats were used (Female: Rat 01, Rat 02,
Rat 03; Male: Rat 04, Rat 05, Rat 06). The lead position of
the EEG is shown in Figure 4 (a). We use the ear of the rat as
the Ground lead of the EEG while placing Ref lead above the
junction between neck and skull to offset the ECG interfer-
ence. In the experiment, MILEM was performed on the skull

@
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| |
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Fig. 3. (a) A schematic diagram of the SSVEP experimental environ-
ment. Fix the head of the rat in front of the stimulus screen in the dark.
(b) Single-trial schematic diagram of SSVEP experiment. Each trial con-
sists of a two-second preparation environment, a ten-second stimulus,
and a two-second rest. In preparation and rest, the stimulus screen does
not output any images.

above the visual area, and the modification point is shown in
Figure 4 (b). We respectively recorded the impedance values
from inner ear of the rats to the skin above the modified
point and their electrophysiology data (rsEEG and SSVEP).
The experimental diagram is shown in Figure 4 (c). Since
EEG signals have this feature of constantly-changing, mean-
ing its value varies dramatically across days and other time
scales [41], we measure all the EEG data under continuous
anesthesia after surgery to avoid unfixable differences caused
by time factors. Besides, to investigate the healing condi-
tion of holes, we euthanatized three rats and took out their
skulls at different times after the surgery for closer obser-
vation. The above experimental scheme has been reviewed
by the Laboratory Animal Ethics Committee of Tsinghua
University.

D. Data Record

1) Electric Impedance Measure by LCR Digital Bridge: We
measure the impedance of rats’ skull using LCR digital
bridge (Agilent HP 4284) and its matching fixture (Agilent
16089A Kelvin Clip Lead Set). A precision LCR bridge with
a frequency range from 20 Hz to 1 MHz. The frequency range
is 5Hz to 100kHz, and DC Bias is -42v to 42v.

2) EEG Record: In EEG recordings, we used a 16-lead
amplifier produced by Neuracle with the sampling rate of
1000Hz. In order to simulate the human body, AgCl EEG
electrodes produced by Neuroscan were used. SSVEP stimu-
lation program was programmed using Psychophysics Toolbox
Version 3 of Matlab 2020 [42]. The stimulus screen uses
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(a) The experimental EEG leads position diagram. The Channel lead covers the skull reconstruction point above the visual area according

to the SSVEP paradigm. Ref lead is located at the rat skull and neck junction to offset ECG signals. The Ground lead is in the rat ear. (b) Skull
modification point diagram. (c) Experimental process diagram. After the experiment started, we first used the LCR digital bridge to measure the
impedance value of the ear of rats to the modification point. Then SSVEP experiment was performed, and EEG data were recorded. Then we
completed the minimally invasive skull local electrophysiological modification and repeat previous impedance measurement and EEG collection.

a VG278HE LCD produced by ASUS with a resolution of
1920 x 1080. Before each experiment, we confirmed the time
length of each frame of the stimulus screen to ensure the
stability of visual stimuli.

E. EEG Data Process

1) Preprocess: All the experimental data recorded by EEG
were extracted according to the event generated by the stimu-
lus program. Then we use the IIR elliptic filter with a cut-off
frequency of 5SHz to 100Hz to process, and then use the comb
filter to do notch processing. Finally, we downsampled the
filtered data from 1000Hz to 250Hz.

2) SNR: The broadband signal-to-noise ratio [43] is a stan-
dard indicator of SSVEP performance. The SSVEP response
and its harmonic frequency components are regarded as sig-
nals, and the other frequency components are regarded as

noise. Its mathematical expression is as follows.

N (fssvep)
Z;Lfl N(f) - N (fssvep)

N(f) represents the spectrum energy in f. f; is the lower
limit of frequency band and fj, is the higher limit of frequency
band, which are 10 Hz and 20 Hz for this research. fyy¢p is
the frequency of stimulus target.

3) Highest Effective Frequency: In EEG research, the highest
effective frequency is still unknown. In clinical studies, it is
generally believed that the available frequency band of EEG
is between 0.5 Hz and 50 Hz [44]. This study referred
to some articles on intracranial electrodes [45], [46] and
proposed a method to measure the highest effective frequency.
In practice, researchers generally believe that EEG signals
above 100Hz are meaningless, so we use the 85Hz to 95Hz
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frequency band as a noise floor because it is the maximum
10Hz bandwidth below 100Hz that is not close to any power
frequency we are interested in. In this study, the Welch method
was used to calculate the power of each frequency component
of rsEEG. Take random power array of 10Hz frequency band
and conduct paired t-test with that of the noise floor. If the
p-value is less than 0.01, we consider that the band contains
valid information. Starting from OHz, we traverse all 10Hz
frequency bands in turn until the p-value is higher than 0.01,
then we take the starting frequency of this band as the highest
effective frequency.

I1l. RESULTS

We measured the electrical impedance from 20Hz to
1000Hz using LCR digital bridge. The results are shown in
Figure 5 (a). The electrical impedance value after modification
M = 3.72kQ, SD = 0.27) was significantly lower than that
before modification (M = 23.1kQ, SD = 5.02), t (5) = 8.67,
p =.00034 <.05. The average electrical impedance decreased
by about 84 %. Figure 5 (b) is the scatter plot of the electric
impedance value of each rat before and after the modification
when the measurement frequency is 1000Hz. We can see from
the figure that the scatters are concentrated in the lower right
corner, denoting that the conclusion of impedance decrease is
sound.

Figure 5 (c) is the frequency spectrum of EEG signals
recorded by Rat 02 at 13 Hz stimulation, from which we
can see SSVEP signals that are not obvious before mod-
ification become distinct after MILEM. Furthermore, this
modification also helps bring suppression to the background
noise, thus further elevating the SNR value. Fig. 5 (d) shows
the broadband signal-to-noise ratio of SSVEP in each rat
before and after modification. The SNR of SSVEP after
modification M = —20.08 dB, SD = 1.99) is significantly
higher than that before modification (M = —25.22 dB, SD =
1.81), t (10) = 4.67, p = .0009 < .05. The average SNR
increased by about 5.13 dB. SNR results for each rat and
each stimulate frequency are shown in Fig. 5 (e). It can be
seen that the SSVEP signal recorded from the electrodes
on the scalp of each rat was significantly enhanced after
MILEM.

We also used the Welch method to calculate the power
spectral density (PSD) of rsEEG before and after MILEM, the
result of which is shown in Figure 6 (a). From the yellow part,
which is increased value by MILEM, it can be clearly seen
that the improvements of low-frequency components are more
significant. Figure 6 (c) shows the highest effective frequency
of six rats before and after the modification, and the dotted
line represents the highest effective frequency position. The
highest effective frequency (M = 75.25 Hz, SD = 3.99) after
modification was 57 % higher than that before modification
(M = 47.84 Hz, SD = 14.35), t (5) = 5.83, p =.0021 <.05.
The relevant results can be found in Figure 6 (b). The survival
rate of 6 rats was 100 % three months after the operation, and
no obvious infection was found.

Three SD male rats were separately euthanatized immedi-
ately, one week, and three months after surgery to explore
the skull healing process. Figure 7 (a) shows the photo of the

skull hole, where 1. is a timely post-operative hole photo, II.
shows the hole a week later, and III. shows the hole three-
month later. With the passage of time, the holes’ size remains
almost the same, implying that the holes MILEM created have
no obvious healing tendency.

The whole procedure was short for it doesn’t involve inva-
sive operations. Figure 7 (b) shows the electrical impedance
results recorded by the LCR bridge at different times after
MILEM at 1000Hz measurement frequency. At the same
time, Figure 7 (c) shows the average time we recorded in the
experiment. Neither the value of electrical impedance nor the
diameter of the skull holes changed significantly with time
after MILEM. For each rat, the skull modification operation
was completed within 30 s and rats could move normally just
30 mins later after anesthesia stops.

IV. DISCUSSION
A. Effect of Anesthesia on EEG

In the process of this study, how to record animal scalp
EEG is a big challenge. Animals normally would not cooperate
with experimental procedures in its full wakefulness and their
moving around greatly polluted EEG signals we are interested
in with Electromyogram (EMG), which is hard to purify
through later-stage processing and eventually mess-up with
the whole data collected. Therefore, anesthesia is essential for
animal EEG experiments. We acquired a critical anesthetic
concentration that equilibrate between low EMG and decent
EEG through a priori experiment, along with determining the
optimal position for electrode placement. However, with all the
precautionary efforts, the SNR of the SSVEP signal obtained
are still significantly lower than that of a human in the awake
state [47] informing that anesthesia still has an inevitable
influence on nerve activities. For the whole field of animal
EEG research, it is still necessary to explore ways to shun the
effect of anesthesia as much as possible.

B. SSVEP Signal Not Obvious Before Modification

In practice, we found that if the SNR is lower than —20dB,
it is almost impossible to see the peak of SSVEP in the
spectrum. Figure 5 (e) shows that it is difficult to see an
apparent SSVEP signal in the rat EEG before modification.
Nevertheless, after MILEM, SSVEP signals became obvious.
With a more vivid saying, the extent of change brought by
MILEM is more like *from none to existence’ than ’from less
to more’. However, this does not mean there is no SSVEP
signal in the rat brain before modification. Through literature
review, we found a few cases that have successfully recorded
SSVEP signals using intracranial electrodes [38], showing that
SSVEP does exist in a rat’s brain under anesthesia. Thus,
we believe the reason why we could barely detect SSVEP
signals on the scalp before MILEM is because of its power
being too weak to break through the skull barrier.

C. Potential Applications

Although the initial aim of our study is to boost the EEG
signal so as to enhance the usability of noninvasive BCI,
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Fig.5. (a) Shows the change of electric impedance from the ear to the modification point before and after the modification at different test frequencies,
p=.00034. (b) shows the scatter plot of the electric impedance of each rat before and after modification when the test frequency is 1000Hz. (c) is the
spectrum of EEG signal recorded by Rat 02 at the stimulation frequency of 13 Hz, and the amplitude has been normalized for facilitate comparison.
(d) is the average SSVEP broadband signal-to-noise ratio of all six rats before and after modification, p=.0008. (e) is the heat map of SNR results

for each rat at each stimulate frequency.
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frequency of the stimulation screen.

the modification scheme has far more potential in exploring
electrophysiological meanings via different modalities of peri-
cephalic approach. Since the skull bone is similarly a barrier
to optical and acoustic signals, MILEM scheme presented
in this paper would also open the door for light and sound
propagation and hence elevate the quality of signal attained.
While the specific boosting effect needs to be further spec-
ified in later studies, there is no denying that the potential

improvement of this scheme on functional near-infrared
spectroscopy (fNIRS) and functional ultrasound neuroimag-
ing (fUS) is very promising.

D. Working Temperature of Piezoelectric Drill

The inability of the hole healing after MILEM caught
our attention. There may be many reasons for this, but we
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LCR bridge at different times after MILEM at 1000Hz measurement frequency. (c) shows the timeline of the whole experiment protocol including
MILEM procedure. Rats return to normal life as soon as awaking from anesthesia, indicating the harmlessness of MILEM.

A
102.9°C

(b)

Fig. 8. Infrared images of MILEM. (a) after 20 s of work without cooling
measures. (b) after 40 s of work without cooling measures. (c) 20 s of
work under cooling measures. (d) 40 s of work while cooling measures
were taken.

speculate that the most predominant reason is the local high
temperature that piezoelectric drills produce while working.
We subsequently measured the working temperature at the

time of skull reformation using infrared detection equipment
to gain information for explanation. For ease of observa-
tion, the right scalp of the rat had been removed prior to
modification.

Figure 8 shows the experimental results, where (a) the
infrared image after 20 seconds without cooling measures
shows that the contact temperature has reached 82.4 °C. (b) is
the infrared image after 40 s in the case of not taking cooling
measures, the contact temperature has reached 102.9 °C.
(c) and (d) is the infrared images after working for 20 s
and 40 s under the condition of taking cooling measures.
It can be seen that the working temperature can be stabilized
at about 50 °C. However, since the liquid used for cooling
will block infrared emission, we believe that even in the
case of taking cooling measures, drill bit and bone tissue
interface temperature is likely to be above 80 °C. This local
temperature is suffice to inactivate the contact surface tissue,
thereby causing it to lose healing capability. Nevertheless, the
specific reasons still need further investigation.

V. CONCLUSION

Throughout the history of non-invasive BCI development,
huge progress has been made on innovative applications in
early decades. However, looking back at the current situation,
research in this field seems to stagnate due to its upper limit
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of signal quality for that the accuracy and precision fail to
outperform ECoG. However, EEG has this huge non-invasive
advantage over ECoG that is not easy to be replaced. Hence to
address this issue, we proposed a low surgical risk technical
scheme for minimally invasive local skull electrophysiological
modification using a piezoelectric surgical drill. It can improve
the signal quality recorded by EEG by breaking through the
signal barrier—the skull without damaging any soft tissue
below.

To testify the feasibility of the scheme, rats were used
as animal models for in vivo verification experiments.
Six 8-month-old SD rats were used, including three males
and three females. A special designed piezoelectric surgical
drill, the bit of which was coated with a layer of silicon
carbide, was used to open a hole with a diameter of about
500 micrometers without removing any skin in the skull above
the visual area of rats. The electrical impedance values at
different frequencies from the ear to the modification point
before and after the transformation are recorded by LCR
digital bridge. Meanwhile, the EEG signals under SSVEP
stimulation and rsEEG signals were recorded. The electrical
impedance value has decreased by about 84 %, the SSVEP
signal broadband SNR has increased by about 5.13 dB, and
the highest effective frequency of EEG signal in the resting
state has increased by about 57 %. The survival rate of
six rats after three months was 100 %, and no obvious
infection symptoms were observed. At the same time, there
was no apparent tendency of holes healing left by skull
modification.

Overall, the technical scheme of minimally invasive local
skull electrophysiological modification presented in this article
is proved to be practicable. Its contribution to the EEG
signal elevation and the electrical impedance reduction is
significant while it also ensures almost no surgical risks. Thus
it is suffice to say that MILEM possesses great capacity in
enhancing EEG signal quality to ECoG level and even exceed
and replace it for its higher safety in clinic applications in
future.
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