©) Zentime >

PROGRESS

IN
MEDICAL
DEVICES

-

T

I

ISSN: 2957-5478
Published by ZENTIME PUBLISHING CORPORATION




Progress in Medical Devices
elSSN: 2957-5478

https://doi.org/10.61189/585036wxisob

Review Article

Research progress and clinical application of cooled ra-
diofrequency ablation
Dandan Gu, Ruiyan Qian, Danni Rui, Difang Liu, Haitao Yao, Yifan Yang, Yu Zhou

School of Health Sciences and Engineering, University of Shanghai for Science and Technology, Shanghai
200093, China.

Corresponding author: Yu Zhou.

Declaration of conflict of interest: None.

Received December 4, 2023; Accepted January 8, 2024; Published June 30, 2024

Highlights

¢ Cooled radiofrequency ablation (CRFA) represents an advancement in RF ablation, enhancing treatment safety
and efficacy through electrode cooling.

¢ CRFA principles, electrode cooling methods, efficacy evaluation, and an overview of major CRFA devices available
on the market are comprehensively analyzed.

* The clinical advancements in applying CRFA technology indicate its feasibility and safety as a viable treatment
modality.

Abstract

Radiofrequency ablation (RFA) is a minimally invasive clinical treatment that uses radiofrequency energy to gener-
ate heat, resulting in the thermal necrosis of targeted tissues. To enhance the therapeutic benefits of traditional
RFA, cooled RFA (CRFA) technology has been developed. CRFA incorporates cooling technology to prevent thermal
damage and rapid impedance changes caused by tissue overheating. This review article provides a comprehen-
sive overview of various types of cooling electrode needles used in CRFA, as well as an evaluation of their efficacy
and clinical applications. We discuss the advantages of CRFA, including its minimally invasive nature, improved
safety profile, and highly effective treatment outcomes. Nevertheless, certain problems and limitations are also
addressed to optimize the potential of CRFA as a clinical treatment option. Overall, CRFA has promising prospects.
With continued advancements in technology and further research, this innovative treatment modality is expected
to significantly impact the treatment of a wide range of medical conditions.

Keywords: Cooled radiofrequency ablation, cooling electrode needle, therapeutic effect evaluation, clinical appli-
cation

Introduction

Tumor ablation techniques encompass a wide
range of methods, including chemical ablation,
thermal ablation, irreversible electroporation,
and high-intensity focused ultrasound [1].

Chemical ablation, a non-energy-based tech-
nique, achieves ablation by injecting ethanol
and acetic acid into the tumor, causing coagu-
lative necrosis [2].

Thermal ablation is further divided into radiof-
requency ablation (RFA), microwave ablation,
cryoablation, and laser ablation. Microwave ab-
lation involves precise insertion of a microwave

antenna into the tumor center under visual
guidance. The non-insulated tip of the micro-
wave antenna emits electromagnetic waves at
frequencies of 915 or 2,450 MHz directly to
the tumor tissue, where water molecules inten-
sively collide [3]. This process leads to rapid
heating and coagulative necrosis of tumor cells.
RFA, recognized for its safety and effectiveness,
utilizes radiofrequency energy between 375-
500 KHz to heat and destroy diseased tissue
and is increasingly used across various clinical
settings [4].

Cryoablation employs argon-helium technology,
guided by the Joule-Thomson effect, alternating
high-pressure argon gas to freeze the tumor
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Table 1. The advantages and disadvantages of different ablation techniques

Ablation technique

The advantages

The disadvantages

Thermal ablation

Radiofrequency ablation

Microwave ablation

Cheap
Quick and easy
Well tolerated

Cheap

Various electrode shapes

The most widely studied and avail-
able

High temperature
Large ablation area
Short ablation time

Chemical drugs are not evenly distrib-
uted

Multiple recurrences

Requires multiple treatments

The ablation zone is not visible during
ablation

Thermal sedimentation effect

Finite ablation zone

General anesthesia

More difficult than radiofrequency
ablation

The ablation zone is visible during

ablation
Reduce pain

Cryoablation

Precise positioning, suitable for high-

Laser ablation risk locations

Reduce image artifacts

Short ablation time
Retain adjacent organizational struc- General anesthesia

Irreversible electroporation
tures

Easily damage healthy organs and
tissues

Long ablation time

High risk of bleeding

The possibility of hypothermia shock

Small ablation area
Limited energy penetration

The single ablation volume is small

Clearly define the ablation zone

High-intensity focused ultrasound

Non-invasive, in vitro

The patient needs to be still
Long treatment time

to -140 °C and helium to rapidly reheat it to
40 °C. This freeze-thaw cycle causes protein
denaturation, cellular dehydration, membrane
rupture, and thrombosis in microvessels, culmi-
nating in the destruction of tumor cells [5-7].

Irreversible electroporation, an innovative ab-
lation technique, uses high-voltage, low-energy
direct currents to create nanoscale pores on
the cell membrane, disrupting cellular homeo-
stasis and inducing apoptosis [8].

High-intensity focused ultrasound takes ad-
vantage of the unique characteristics of sound
waves with frequencies between 0.8 and 3.5
MHz. These sound waves are enhanced and
focused on a specific distance from the trans-
ducer. By using sound energy (up to 10,000 W/
cm?), intense tissue movement is induced, gen-
erating heat and causing necrosis at the target
location [9].

Cooled RFA (CRFA) offers comparable safety to
traditional RFA [10]. It improves treatment out-
comes by incorporating cooling functionality to
the electrode needle based on RFA technology.
This innovative approach has found widespread
application in various clinical settings. This re-
view aims to outline the research progress and
clinical applications of CRFA. Table 1 shows the
advantages and disadvantages of different ab-
lation techniques.
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The principle of CRFA

The treatment mechanisms of CRFA and RFA
share a common foundation, employing ther-
mal effects for the ablation of pathological
tissues. A closed circuit is formed between the
ablation device and the target tissue during
the ablation process. As the alternating current
flows through the tissue, rapid fluctuations in
the electromagnetic field cause polar water
molecules within the tissue to oscillate at high
speeds. This motion generates heat that trig-
gers the evaporation, drying, shrinkage, and
shedding of water within and surrounding the
cells, ultimately resulting in sterile necrosis and
achieving the desired therapeutic effect [11].

In monopolar ablation, the circuit current flows
between the electrode needle and the nega-
tive plate; while in bipolar ablation, the circuit
current flows back and forth between the two
electrode needles, which act as the anode and
cathode of the ablation [12]. In multistage ab-
lation, multiple bipolar applicators are used in
conjunction to enhance thermal effect and cre-
ate a larger spherical coagulation zone [13].

The energy generator of the ablation device
produces high frequency alternating current. As
the current changes, the ions within the tissue
interact and produce heat, which raises the
temperature of the lesion tissue to above 60
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Figure 1. Schematic diagram of air-cooled electrode needle.

Warm Water Insulation Electrode

Cooled Water

Figure 2. Schematic diagram of liquid-cooled electrode needle.

‘Warm Water Insulation Electrode
A A
[ [ )
i ‘ A -

Cooled Water Irrigation Holes

Figure 3. Schematic diagram of the cold and wet electrode needle.

°C, inflicting irreversible tissue damage [14].
However, traditional RFA has a crucial limita-
tion. Tissue in contact with the electrode needle
is prone to excessive heat and carbonization,
leading to thrombus formation, eschar, and
carbonization on the electrode surface. This
can affect energy output and ablation efficacy.
To address these issues, cold pole RFA system
was developed to improve ablation efficiency
and surgical success rates. CRFA lowers the
temperature of tissues near the radiofrequency
electrode, reduces the surrounding tissue car-
bonization, and achieves a larger necrotic area
[15].

effect. Hence, internal cooling electrode
needles encompass both gas-cooled and
liquid-cooled electrode needles. In con-
trast, externally cooled electrode needles
exclusively employ cooling liquid as the
cooling medium, inheriting the advantag-
es of interior cooling electrode needles
while incorporating flushing holes around
the electrode.

The air-cooled electrode needle RF sys-
tem utilizes pressurized CO,, N,, or CO
as a cooling medium, which is released
through a standard gas cylinder, pres-
sure tube, switch, and pressure regula-
tor. As shown in Figure 1, the gas flows
through a nozzle in the electrode needle
into the expansion chamber, where the
Joule-Thompson principle produces a
cooling effect to cool the electrode nee-
dle [16, 17]. Early studies have shown
promising results for air-cooled RFA. Car-
rara et al. used this technique to ablate
the liver and spleen of pigs, followed by
pathological and histological analysis of
each ablation, confirming its feasibility
and safety [18]. Similarly, Rempp et al.
demonstrated that cryogenic air-cooled
radiofrequency electrodes produced a
more extensive ablation range and low-
ered ellipse index than conventional RFA
in ex vivo bovine liver; they also observed
that increasing power with stable air

pressure and standardized application time
increased the short axis of the ablation range
[19]. Further, Hoffmann et al. used air-cooled
ablation electrodes in ex vivo bovine liver and
found that impedance-controlled ablation
resulted in a maximum short axis diameter
of 51.1mm for the ablation zone [20]. These
results indicate the potential of air-cooled elec-
trode needle RF systems in ablation and pave
the way for further studies to explore its safety
and efficacy.

As illustrated in Figure 2, the liquid-cooled elec-
trode needle ablation system utilizes an inter-

nal tube to circulate cold saline or chilled water

Types of electrodes in CRFA and their efficacy
evaluation

into the electrode needle via a perfusion pump.
This type of electrode needle, exemplified by

the Valleylab electrode needle, is widely used

Types of cooling electrode needles

in clinical practice, where cooling fluid remains

isolated from both the bloodstream and the

Based on the cooling method, cooling elec-
trode needles can be divided into internally
and externally cooled electrode needles. In-
ternally cooled electrode needles utilize gas
or liquid within the device to dissipate thermal
energy from the electrode needle through heat
transfer, thereby achieving the desired cooling
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tissue targeted for ablation. The system expels
the heated effluent through an outflow tube to
an external collection unit, effectively cooling
the electrode tip internally and moderating the
temperature of both the electrode tip and ad-
jacent tissue [21]. The liquid-cooled electrode
ablation covers a larger area than conventional
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ever, for physicians
to ensure that saline
is precisely applied
within the designat-
ed treatment area to
prevent the spread
of current and re-
duce potential com-
plications [30].

CRFA therapeutic
effect evaluation

Figure 4. Schematic diagram of ablation evaluation. TD, transverse diameter.

RFA, offering a simple, cost-effective method
for producing larger, more spherical lesions
[22-23]. Solbiati et al. used internal cooling
electrodes in 22 patients who were followed for
at least five years, and demonstrated that using
an optimized algorithm with a single internally
cooled electrode to deliver RF energy to liver
tumors produced a more significant, relatively
spherical, and reproducible necrotic volume
with more prolonged electrode tip exposure
[24]. This approach can reduce ablation dura-
tion and increase ablation size with minimal
adverse event rates. Yu et al. used an internally
cooled directional electrode for ablation, pro-
ducing a hemispherical ablation area that min-
imized thermal damage to adjacent organs by
not extending beyond the hemisphere opposite
the needle insertion site [25].

The efficacy of ablation using an external cold-
cooled electrode needle (also known as a cold-
wet electrode) has also been well-documented.
Figure 3 illustrates the technique, which incor-
porates a cooling electrode and a hole for cold
saline rinsing, directly flushing the electrode
tip and the surrounding tissue. The initial cold-
wet electrode contained two coaxial cavities
and a single saline channel, delivering coolant
at a rate of at 40 ml/min and saline at 1 ml/
min. This design improved the electrical and
thermal conductivity of the tissue, significantly
enhancing radiofrequency energy transmission
and expanding the damage range [26]. Later
improvements to the wet electrode design intro-
duced a single cavity with two micropores at its
tip. Additionally, the infusion rates for both cool-
ant and saline were increased to 100-120 ml/
min and 1-1.2 ml/min, respectively, creating a
broader and more circular ablation area than
the closed internal cold electrode, thus further
enhancing the procedure precision [27, 28].
Cha et al. conducted an ex vivo study compar-
ing double cold and wet electrodes with double
internal cold electrodes, finding that double
cold and wet electrodes created more spheres
and larger ablation areas [29]. It is critical, how-
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Utilizing the cooled
electrode probe in CRFA technology enables
the maintenance of low temperatures over ex-
tended periods, ultimately resulting in a more
expansive and evenly distributed ablation area.
When being applied to tumor ablation in liver,
kidney, heart, prostate, and other organs, CRFA
ensures complete and homogeneous cell de-
struction. This is evident by a white tissue ap-
pearance after lesion cauterization, in contrast
to the surrounding healthy tissue that appear
darker red [31].

As depicted in Figure 4, the ablation range typi-
cally exhibits shapes like circular, elliptical, and
conical. The ellipticity index (El) is calculated
using the formula EI=2AD/( + ),
and the regularity index (RI) is determined by
RI= . For an ideal ellipse, the abla-
tion volume can be expressed as E*AD * TD mayx *
(AD and TD refer to axial diameter and
transverse diameter). Here, the maximum
transverse diameter refers to the maxi-
mum distance between two opposite edges of
the re-assembled coagulation zone in the trans-
verse plane. The minimum transverse diameter
represents the minimum distance be-
tween two opposite edges of the coagulation
zone in the transverse plane, measured in milli-
meters [32]. These measurements are taken at
the midpoint, intersecting the line of the maxi-
mum transverse diameter. The AD is defined as
the distance between the proximal and distal
edges of the clotting region on the axis of the
electrode. The maximum radius denotes
the maximum distance between the electrode
axis and the edges of the coagulation zone in
the transverse plane. The minimum radius
is the minimum distance between the electrode
axis and the edge of the solidification zone in
the transverse plane [16, 19, 22, 25, 33]. In ex
vivo bovine liver, Clasen et al. conducted multi-
polar RFA and determined the relationship be-
tween coagulation volume and applied energy
using nonlinear regression analysis, yielding a
linear function V=0.61E+40.7 (r"*2 = 0.87) for
calculating coagulation volume [34].
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Several major CRFA equipment on the domes-
tic and foreign markets

Presently, RFA stands as the prevalent abla-
tive technique in the market, whereas CRFA,
despite its later emergence, currently holds a
smaller market share. Nevertheless, CRFA ex-
hibits advantages such as reduced patient pain
and fewer complications during the treatment
process, rendering it a promising avenue for
future growth. The cooling electrode needles,
composed of a needle tip, handle, catheter, and
connector, serve as a fundamental component
of CRFA surgical equipment. Globally, major
suppliers of CRFA needles include Boston Sci-
entific and Medtronic from the United States,
AtriCure from the United States, HealthTronics
from the United States, Erbe from Germany,
and IceCure Medical from Israel. Within China,
suppliers like HYGEA and Surgnova are gaining
recognition.

The COOLIEF* Cooling Radiofrequency System
(Avanos Medical, Alpharetta, America) is a
minimally invasive therapeutic ablation system
specifically designed to target neural pain sig-
nals. It comprises an 80W radiofrequency gen-
erator, peristaltic pump, and treatment cable
that capable of creating large-volume spherical
ablation areas within nerve and intervertebral
disc tissues without increasing the risk of ad-
jacent tissue damage. While heating neural
tissue, the system circulates water through the
device, flowing through the tip of the RFA probe
to keep it at a lower temperature, creating a
larger treatment area compared to tradition-
al RFA therapies [35]. This unique patented
water-cooling technology has broadened the
scope of radiofrequency treatments for chronic
spinal, knee, and hip joint pain, contributing to
an improved quality of life for patients.

The OSTEOCOOL™ Radiofrequency Ablation
System (Boston Scientific, Marlborough, Amer-
ica) is a coaxial bipolar RFA device with a cool-
ing apparatus in its radiofrequency tip. The
radiofrequency device operates at a frequency
of 468 KHz with a maximum output power of
50W. In a preclinical evaluation experiment
on pig cervical spines, Pezeshki et al. utilized
this system and demonstrated its capability to
achieve large and reproducible ablation zones
[36]. Importantly, the system effectively con-
fined the ablation area within the vertebrae,
without causing damage to nearby tissues or
the spinal cord.

The Cool-tip™ Radiofrequency Ablation Sys-
tem E-Series (Medtronic, Dublin, America) is
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an internally cooled thermal ablation system
designed for soft tissue tumors. The E-Series
offers enhanced needle design and increased
energy delivery. In comparison to other RFA
systems, it can create a larger ablation area in
a shorter time frame. This device enables re-
al-time monitoring of temperatures near the ab-
lation zone. Zhang et al. conducted a series of
studies using this equipment on pig liver tissue,
demonstrating that temperature monitoring in
the ablation area is crucial for increasing the
size of the coagulation zone [37].

The Dophi™ R150E Radiofrequency Ablation
System (Surgnova, Beijing, China) can achieve
both individual and simultaneous ablations
with three needles. The system, equipped with
a Swiss Watson Marlow water-cooling pump
internally, reduces carbonization, ensuring effi-
cient energy transmission, maximizes the abla-
tion area, and concurrently minimizes thermal
damage. This feature enhances the protection
of surrounding neurovascular tissues, showcas-
ing the system’s capacity to balance effective
energy delivery and tissue preservation.

The rapid development of CRFA, noted for its
minimal thermal damage and effective tumor
destruction, has led to a diverse range of devic-
es now available on the market. Table 2 pres-
ents several commonly used CRFA devices in
the markets worldwide.

Progress in the clinical application of CRFA

CRFA is a well-established modality for the
treatment of liver cancer. Multipolar RFA, com-
monly used for small to medium-sized liver
cancers, can sometimes result in overheating,
leading to carbonation and rapid impedance
rise. In contrast, traditional monopolar RFA
requires overlapping techniques to achieve a
sufficient ablation margin. Still, microbubbles
during RFA can make it challenging to reposi-
tion the electrode accurately, leading to incom-
plete tumor ablation and higher recurrence risk
[38]. Rhim et al. demonstrated the feasibility,
safety, and efficacy of ultrasound-guided per-
cutaneous RF ablation combined with artificial
ascites for treating hepatocellular carcinoma
(HCC) in the hepatic dome, with promising re-
sults over a 281.4-day follow-up period [39].
Tang et al. reported high complete ablation
rates for liver tumors of varying sizes using ul-
trasound-guided cold needle RFA under local
anesthesia, with low complication rates [40].
Clasen et al. further explored the use of MRI
to guide the placement of a cooling electrode
for treating HCC, achieving a high success rate
with minimal complications, underscoring the
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Table 2. Several commonly used cooled radiofrequency ablation devices

Company ment

Cooled radiofrequency ablation equip- Type of cooling

Electrode needle

Avanos Medical
Baylis Medical Company tion System
Medtronic

Boston Scientific

IceCure Medical

COOLIEF Radiofrequency system

OSTEOCOOL™ Radiofrequency Abla-  Liquid-cooled closed-loop

Cool-tip™ RF Ablation System E Series

Chilli '™ Cooled Ablation Catheter

The ProSense™ Cryoablation System

Liquid-cooled closed-loop

. - Bipolar
internal cooling P

. . Bipolar
internal cooling P

Liquid-cooled closed-loop

internal cooling Single/ Multiple

Liquid-cooled closed-loop
internal cooling / Lig-
uid-cooled open perfusion

Single/ Multiple

Liquid nitrogen internal cool-

ing Single

Liquid-cooled closed-loop

. ; .
Surgnova Dophi™ R150E internal cooling Single/ Multiple
Everpace IceMagic® Cooled ablation equipment Is_ilgzld-cooled open perfu- Single

RF, radiofrequency.

potential of MR-guided RFA as a promising op-
tion for the treatment of HCC [41]. Collectively,
these results suggest that CRFA, enhanced by
multiple guidance modalities, is clinically effec-
tive in the long-term treatment of HCC and is
constantly being explored and innovated to pro-
mote the development of local tumor ablation.
Additionally, CRFA continues to evolve in other
clinical treatments [24, 42-44].

CRFA has emerged as a promising alternative
therapy for benign and malignant thyroid nod-
ules. In this outpatient procedure, electrodes
are inserted through the skin of the neck under
ultrasound guidance to rapidly heat the treat-
ment area. This treatment involves gradually
moving the electrodes from the medial to the
lateral side of nodule while slowly retracting
them toward the surface [45]. Jeong et al. eval-
uated the safety and efficacy of this approach
using internally cooled electrodes and discov-
ered that a remarkable 91.06% of nodules ex-
perienced a volume reduction exceeding 50%
over a follow-up period ranging from 1 to 41
months, with 27.81% of the nodules completely
disappeared [46]. Despite temporary compli-
cations such as pain, hematoma, and voice
changes, which resolved within one to two
months, CRFA was demonstrated to be a safe
treatment option for thyroid nodules, although
long-term follow-up is necessary to confirm
these findings. In another retrospective study
by Lim et al., the long-term outcomes of CRFA
for benign thyroid nodules were investigated
[47]. The study included 111 patients with be-
nign non-functioning nodules, who were treated
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with a cooled tip radiofrequency system and fol-
lowed up for a minimum of 3 years. The results
demonstrated a mean nodule volume reduction
of (93.4 £ 11.7)%, a regeneration rate of 5.6%
and an overall complication rate of 3.6%. Fur-
thermore, CRFA has also been effectively used
to treat large thyroid nodules, benign thyroid
nodules in children and adolescents, small
follicular tumors, and even low-risk small thy-
roid cancers [48-51]. Despite these promising
findings, there remains variability in treatment
parameters such as the number of sessions,
energy delivered, and follow-up duration. There-
fore, continued long-term follow-up is needed to
validate the safety and efficacy of CRFA. Never-
theless, CRFA holds excellent promise as a safe
and effective alternative to surgery for treating
thyroid nodules.

CRFA offers a less invasive alternative to sur-
gery for chronic sacroiliac joint pain, producing
better outcomes than traditional treatments
involving steroid and anesthetic injections.
Several case series have reported successful
results using CRFA in the sacroiliac joint. Nota-
bly, in the study of Kapural et al., they reported
retrospective observational data on pain relief
and functional changes after denervation with
CRFA [52]. Their study, which included 27 pa-
tients, revealed a notable reduction in opioid
use and clinically significant levels of pain relief
and operational improvement at 3-4 months
follow-up. Cheng et al. were the first to compare
the effectiveness of lateral branch CRFA with
conventional RFA for sacroiliac joint pain in
a clinical study [53]. In their study, data from
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88 patients between January 2006 and June
2009 were retrospectively analyzed, without
any evidence showing that lateral branch CRFA
provided longer-term relief of sacroiliac joint
pain than conventional RFA. However, Tinnire-
llo et al. conducted a follow-up in 43 patients
who received CRFA versus conventional RFA to
denervate the sacroiliac joint and found that
patients receiving CRFA experienced more sig-
nificant pain relief than patients with traditional
RFA [54]. The most remarkable analgesic dif-
ferences occurred at 6 and 12 months.

In 2016, Cheng et al. further explored the use
of bipolar RFA in treating 31 patients with sac-
roiliac joint pain [55]. Their analysis revealed
a cost savings of over $1000 per patient when
compared to CRFA. Kurklinsky et al. analyzed
the electronic records of 41 adult patients who
underwent successful CRFA treatment, and
found that the medical costs decreased by
51.0% after the initial CRFA and by 70.4% after
subsequent CRFA procedures [56]. Although
these studies highlight that CRFA is a promising
option for chronic sacroiliac joint pain, more
randomized controlled trials are needed to es-
tablish its superiority over other radiofrequency
denervation options.

In recent years, encouraging advancements
have been achieved in treating knee pain
associated with osteoarthritis by CRFA. This
innovative method uses thermal ablation to
disrupt the pain signals transmission by sen-
sory nerves in knee. Lash et al. proved the
efficacy of CRFA in relieving pain and improving
joint function in 51 patients through precisely
locating the target nerve and positioning the
electrode needle for surgical intervention under
ultrasound guidance [57]. In another study, Da-
vis et al. compared the effectiveness of CRFA
and intra-articular steroid injections in treating
chronic knee pain among 151 patients [58].
Their findings revealed that CRFA provided
significantly better pain relief, with 74.1% of
patients experiencing a significant reduction
in pain at six months, compared to only 16.2%
with intra-articular steroid. Moreover, CRFA
offers a long-term treatment option for the con-
trol and improvement of knee osteoarthritis.
This is evident from studies indicating that 65%
and 61% of patients achieved significant pain
reduction at 12 and 24 months, respectively
[59, 60]. Collectively, these studies underscore
the potential of CRFA as an effective and sus-
tainable treatment option for patients suffering
from knee pain caused by osteoarthritis.

In addition to its aforementioned clinical appli-
cations, CRFA has also shown lasting clinical
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benefits in treating conditions like osteoid
osteoma and cancers of the spine, kidney,
heart, hip, lung, pancreas, and breast. CRFA
technique outperforms standard RF ablation
in overcoming the physiological limitations. By
delivering higher energy to the surrounding tis-
sues, it creates larger lesions and more exten-
sive tissue disruption, thus leading to durable
clinical outcomes. Nevertheless, comprehen-
sive evaluations including extended follow-up
periods and additional research are still crucial
for determining overall medical costs, surviv-
al rates, local recurrence rates, complication
rates, disease-free survival rates, and mortality
rates of patients. Such studies are essential to
fully understand the clinical implications and
long-term benefits of CRFA in these medical ap-
plications.

Conclusion

CRFA represents an improvement in the field
of traditional RFA by incorporating air or liquid
cooling mechanisms to lower the temperature
of the tip of electrode needle during the stan-
dard RFA procedure. The cooling technology
minimizes the charring of surrounding biolog-
ical tissues, allowing for the unimpeded and
prolonged output of radiofrequency energy, ex-
panding the range of tumor ablation. Currently,
most RFA devices in the market are equipped
electrode cooling technology, significantly en-
hancing the safety and effectiveness of tumor
treatment.

Numerous clinical applications have demon-
strated the feasibility and safety of CRFA as a
viable treatment modality. Nonetheless, the
ongoing need for further research remains par-
amount to delve deeper into various aspects
of CRFA, including survival rates, local recur-
rence rates, complication occurrence rates,
disease-free survival rates, mortality rates, etc.
The ultimate goal of these continued research
efforts is to make CRFA more accessible and
affordable, ultimately extending its reach to a
broader patient population.
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Highlights

¢ The detailed steps of spike sorting algorithm and the different algorithms used in each step are summarized.
* The advantages and disadvantages of each step of spike sorting algorithm are compared.
* The detailed application of deep learning technology in spike sorting is introduced.

Abstract

Spike sorting plays a pivotal role in neuroscience, serving as a crucial step of separating electrical signals record-
ed from multiple neurons to further analyze neuronal interactions. This process involves separating electrical sig-
nals that originate from multiple neurons, recorded through devices like electrode arrays. This is a very important
link in the field of brain-computer interfaces. The objective of spike sorting algorithm (SSA) is to distinguish the
behavior of one or more neurons from background noise using the waveforms captured by brain-embedded elec-
trodes. This article starts from the steps of the conventional SSA and divides the SSA into three steps: spike detec-
tion, spike feature extraction, and spike clustering. It outlines prevalent algorithms for each phase before delving
into two emerging technologies: template matching and deep learning-based methods. The discussion on deep
learning is further subdivided into three approaches: end-to-end solution, deep learning for spike sorting steps,
and spiking neural networks-based solutions. Finally, it elaborates future challenges and development trends of
SSAs.

Keywords: Spike sorting, spike detection, feature extraction, clustering, deep learning

Introduction

The control signals currently used in brain-com-
puter interfaces (BCl) mainly include the follow-
ing five types: action potentials (spike), local
field potentials, electrocorticography (ECoG),
epidural field potentials, and electroenceph-
alography [1]. The sites where each signal is
acquired in the brain are shown in Figure 1.
Figure 1 was adapted from [1]. Spike is a key
signal reflecting the behavioral activity of the
brain, and the study of neuronal information
storage and encoding via spike contributes to
better development of analog brain comput-

ers [2]. There is a close relationship between
local field potentials and spike, and their good
stability and frequency content provide key
advantages for long-term, low-power BCI [3].
ECoG, capturing detailed aspects of actual and
imagined body movements, facilitates the de-
velopment of robust and long-term BCI systems
[4]. Compared to ECoG, epidural field potentials
are acquired in the epidural space, which great-
ly reduces the risk of surgical complications,
making them suitable for long-term implanta-
tion of BCI [5]. though non-invasive and low-
cost, offers limited brain activity information,
restricting its use to simple communication and
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Shanghai 200060, China. Email: youguohao6@163.com.



Progress in Medical Devices 2024; 2 (2): 54-65. PMD23120239

Scalp EEG

===—EFPs

2 o7 .‘(» \ ECoG
N~ >
Z ; §§ LFPs, spike
Arachnoid membrane N7 "‘;
Cortex ( /é 5
-

Figure 1. The locations in the brain where various
signals occur. EEG, electroencephlography; EFPs,
eqidural field potentials; ECoG, electrocorticogra-
phy; LFPs, local field potentials. This Figure was
adapted from [1].
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Figure 2. Basic steps for spike sorting. (A) A piece
of filtered neuronal signal; (B) Spikes are detected,
usually using an amplitude threshold of signal; (C)
Spike features are extracted to achieve a dimen-
sionality reduction; (D) Clustering operation based
on extracted features; (E) The clustering algorithm
classifies the waveforms and associates each clus-
ter with a unit. This figure was adapted from [17].

control tasks [6]. Other signals have also been
used in BCI, including near-infrared spectrosco-
py of brain blood flow and functional magnetic
resonance imaging. The former’s poor spatial
resolution and the latter’s poor temporal reso-
lution, coupled with high costs, rendering them
impractical for widespread application in BCI
technologjes.

In general, there is a correlation between the
level of invasiveness of neural recordings and
the quality of signal obtained as well as spatial,
spectral, and temporal resolution. The higher
the level of invasiveness, the more brain infor-
mation can be obtained [7]. Spikes, directly
emitted by the cells at the implantation site
with a frequency range generally between
300Hz and 6000Hz, can reflect the interaction
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between high-level brain functions and single
neurons [8]. Typically, spikes are captured by in-
serting high-impedance electrodes with a diam-
eter of several microns into the brain, thereby
recording neuronal activity near the electrodes
in the range of 50-100 microns [9]. In recent
years, BCl using spike has attracted increasing
interest from scientific community, with the
goal of mapping, assisting, enhancing, and re-
pairing cognitive or sensorimotor functions in
human or animal brains. Today, spikes are used
in the field of BCI to detect pain signals, control
robotic arms or wheelchairs, and treat spinal
cord injuries [10-12]. However, due to the large
amount of spike data and low signal-to-noise
ratio (SNR), it has not been widely used clinical-

ly.

Since the 1970s, the accurate extraction, de-
tection, and the classification of spikes has
been a hot topic in the neuroscience field,
known as spike sorting [13]. This review pro-
vides a general overview of spike sorting, intro-
duces corresponding algorithms for different
steps, and summarizes and compares the
current mainstream algorithms. Finally, current
study limitations are summarized, and future
developments are projected.

Conventional spike sorting algorithm (SSA)

Spike sorting is an algorithm to detect individ-
ual spikes from extracellular neural recordings
and classify them based on their shape. The
algorithm classifies the detected spikes as
originating neurons [14]. The SSA works by di-
viding different neurons into different clusters,
according to their different electrical proximity
to the recording electrode and different shapes
of dendrites [15]. In theory, a single neuron is
represented by a single cluster; however, due
to interactions among different neurons, the
obtained spike information often overlaps, re-
sulting in a large number of false positives in
classification across adjacent channels, there-
by complicating accurate categorization [16].
As shown in Figure 2, traditional spike sorting
has three main steps. Figure 2 was adapted
from [17]. The first step, spike detection, in-
volves identifying spikes at the corresponding
time points based on the waveform of each
spike. The second step is to extract features
corresponding to different spikes and convert
them into another feature domain. The final
step, spike clustering, is to classify the spikes
into different clusters [13].

Spike detection

Spike detection is the initial phase of SSA, ded-
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icated to isolating individual spikes from contin-
uous neural recordings, setting the groundwork
for the subsequent stages of the sorting pro-
cess. Generally, the duration of a spike event is
usually 1-3 ms, and the sampling time of each
spike event lasts for 30-90 sampling points to
prevent spikes from being repeatedly detected.
There are currently three mainstream methods
of spike detection, including threshold detec-
tion method, nonlinear energy operator meth-
od, and wavelet transform product method.
Each of these methods has its own advantages
and disadvantages [17, 18].

Amplitude thresholding

The most straightforward algorithm is to apply
an amplitude threshold to the spike signal.
Since the filtered signal is easily visualized on
top of background noise activity, this method
is resource-intensive and computationally fast.
However, if the applied threshold is too small,
noise fluctuations will cause false positive
events, and some spikes will be missed. There-
fore, setting an adaptive threshold is more suit-
able.

The most reasonable way is finding a multiple k
of the noise o, as the threshold, that is Thr=ka,.
The general value of k is between 3 and 5. g,
can also be other values. A threshold estima-
tion formula based on the signal median is giv-
en [19],

| x|

Thr = 4 x median(
0.6745

) (1)

where 0.6745 comes from the inverse function
of the standard normal distribution cumulative
function, which has a value of 0.75. This meth-
od processes the background noise according
to the standard Gaussian distribution. Even
though the noise distribution in real world may
deviate from the Gaussian distribution, it has
been confirmed that this median-based estima-
tion is more accurate than the standard devia-
tion estimation [20]. However, Equation (1) is
not suitable for all situations.

Another study proposed an improved formula
[21],

. | x| (2)
d 421
me 1an{0.6745} 0g,(n)
1.6

Thr =

where n is the length of the detected data.
The addition of n into Equation (2) reduces the
mixed noise interference introduced by the col-
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lection environment, making it more suitable
for the adaptive threshold algorithm [21]. How-
ever, Equation (2) was later proved to be un-
suitable for detection of high noise levels [22].
In this context, Equation (3) was proposed, as
follows:

. | x| log,(n) Inn_,
Thr = median(———), | —2—~(— 3
remedian( oSN w2 ¢ O

Equation (3) reduces the interference caused
by noise fluctuations, making the set threshold
more robust. It has been experimentally con-
firmed that under higher noise levels, the de-
tection accuracy of Equation (3) is significantly
higher than Equation (1) and (2) [22].

Nonlinear energy operator (NEO)

The NEO is a more powerful detection meth-
od, leveraging both frequency and amplitude
information. This capability renders NEO more
effective than the threshold method in low SNR
situations [23]. For the continuous sampling
signal x(n), its discrete time NEO ¢ is shown in
Equation (4). In addition, some studies suggest
using smoothing windows to convolve NEO time
series, which can reduce the probability of false
positives.

P[x(n)]=x*(n)—x(n+1)xx(n-1) (4)

8 I (5)
Thryyg, =WZ¢[X(”)]
n=1

Spike is the component with the highest energy
in the entire collected signal. Compared with
the noise signal, the energy of the spike signal
increases instantaneously. This method is ideal
for on-chip implementation due to its good tran-
sient and computational properties [23]. Malik
et al. provided a method for NEO threshold
judgment, as shown in Equation (5), whereby a
value surpassing this threshold is classified as
a spike [24].

Wavelet transform product

Wavelet transform has also been proposed for
spike detection due to its ability to integrate
information from both the time and frequen-
cy domains [25]. Compared with the first two
methods, the wavelet transform method does
not regard the background noise as a standard
Gaussian distribution [26]. The principle of this
method mainly exploits the fact that the wavelet
function is a long “peak” waveform. When slid-
ing wavelet decomposition is used, its essence
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Figure 3. The process of PCA dimensionality reduction. PCA, principal component analysis. This Figure was adapt-

ed from [42].

is a “template matching” process to evaluate
the similarity between the wavelet function and
spike. The mathematical definition of wavelet
transform is shown in Equation (6), where () is
the wavelet function, 7 is the translation scale,
and « is the scale factor.

® 1 -7
W(a,7)= j_w Xy ()
aZ

Jmax

Pmy= [ w2 .nl Ko

J=Jmax =2

It identifies the signal segment as a spike when
there is a relatively high similarity between the
signal segment and the wavelet function. There
are many choices for wavelet functions in spike
detection, such as Haar wavelet, db4 wave-
let, and Biorthogonal wavelet. In applications,
discrete wavelet transform is generally used,
where the value of o is 2/(j=1,2,3...). First, the
wavelet coefficient w (a, 1) corresponding to
each j value for each time point is calculated,
and all time points until the set maximum j val-
ue are summed up, termed as j .., Next, the val-
ue of P (n) is calculated, which is essentially
the product of the wavelet coefficients across
three consecutive scales, as shown in Equation
(7). Similar to the method described above, us-
ing a smoothing window to convolve the P (n)
sequence can reduce spurious spike due to
cross terms and background noise [27, 28].

Among the above three spike detection tech-
nologies, since the first two have relatively low
computing resource requirements for hardware
implementation, they are often favored for on-
line implementation. When the SNR is high and
computing resources are limited, the threshold
detection method is more suitable. Although
the NEO has a simple structure, it necessitates
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data storage and introduces delays. The first
two methods are prone to false positives and
false negatives as the noise level changes.
Without considering the amount of computing
resources, the wavelet transform method can
yield the best results [29, 30].

Spike feature extraction

Feature extraction can be performed from three
aspects: time domain features, transformation
domain features, and dimensionality reduction
features. For the time domain features, actu-
al operation can be performed based on the
geometric features and derivative features of
the spike [31, 32]. For transformation domain
features, techniques such as Fourier transform,
Hilbert transform, and wavelet transform are
employed [33-35]. For dimensionality reduc-
tion features, principal component analysis
(PCA), linear discriminant analysis (LDA), and
Laplacian eigenmaps are utilized [36-38]. After
feature extraction, 2 to 3 key features are gen-
erally selected and used as inputs in the clus-
tering algorithm to ensure that the next step of
the clustering algorithm can be effectively im-
plemented [39, 40]. Several mainstream spike
feature extraction algorithms are introduced
below.

PCA

PCA is the most commonly used method in cur-
rent feature extraction. Its essence is a dimen-
sionality reduction method that projects a data
set with multiple relevant features into a coor-
dinate system with fewer relevant features. All
detected spike time samples are used as input
Xx(n), and the covariance matrix is eigenvalue
decomposed, where the eigenvectors represent
the projection direction of the original data.
The algorithm mainly includes three steps: (1)
creating the covariance matrix of the data set;
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(2) calculating all eigenvalues of the covariance
matrix and retaining the first k eigenvalues in
descending order of variance; (3) transforming
the data points through k feature vectors [41].

Figure 3 shows the dimensionality reduction
on the original data through PCA. Figure 3 was
adapted from [42]. The disadvantage of this
method is its tendency to lose information as
the complexity of the collected spike data in-
creases. It is stated that when a higher k value
is selected, the variance of the higher compo-
nent may be affected by the background noise,
so this method is not suitable for feature ex-
traction where the spike information is rich [13].

Features of wavelet transform

Wavelet transform is an integral transform that
decomposes a specific signal into the sum of
different wavelet signals. The relevant equa-
tions of wavelet transform are presented in
Section 2.1.3. Through the low-frequency and
high-frequency wavelet coefficients, it can ac-
curately depict the spike shape [43]. Generally,
wavelet transform convolves the original signal
with wavelet functions of different parameters
derived from the mother wavelet, which can
quantify the details of the signal at different
resolutions [35]. Haar wavelet and Daubechies
wavelet are the two most commonly used moth-
er wavelets in analyzing neurophysiological sig-
nals due to their orthogonality. They are able to
identify the characteristics of a spike through a
few wavelet coefficients without making a priori
assumptions about the shape of the spike [19,
44, 45].

The features that can be extracted from the
time spectrum mainly include extreme value
features and energy distribution features. The
former is the most prevalent feature, involve ex-
tracting the peak amplitude across each scale
and correlating them with the corresponding
scale parameters and translation parameters
to construct a comprehensive feature vector.
The latter requires calculating the energy dis-
tribution of each scale space from the energy
spectrum, and then identifying the correspond-
ing scale parameters and translation parame-
ters to form the feature vector [46].

LDA

LDA is a linear projection technology that
seeks a suitable projection direction within a
low-dimensional space, so as to maximize the
distance between different categories and mini-
mize the distance between the same categories
[47]. LDA first calculates the covariance matrix
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of the data and performs eigenvalue decom-
position of the covariance matrix. Then, a pro-
jection matrix is formed based on the obtained
eigenvectors and eigenvalues to map the origi-
nal data into a new low-dimensional space [48].
LDA needs to clearly minimize the inter-class
variance and maximize the inter-class variance,
which are shown in Equation (8) and Equation
(9), respectively. Here, x; is the ith data point in
the kth cluster ck, uk represents the average
of data points in the kth cluster, u represents
the average of all data points, and n is the total
number of data.

S =2 (- -p) @

k=1 x;ec,

K
> n (e — 1) (gt — )" 9)
S — k=1

b

n

LDA has demonstrated its effectiveness in sep-
arating spike features, especially when the SNR
is low [48].

Unlike PCA, which simplifies high-dimensional
data into two or three dimensions without sig-
nificant information loss and facilitates visu-
alization and classification identification, LDA
optimizes dimensionality reduction to avoid
overfitting. Wavelet transform can extract de-
tailed features in the spike without too much
information loss. However, PCA does not ac-
count for the categorical relationships between
data points and relies solely on variance for
determining principal components, leading to
potential information loss. The classification ef-
fectiveness of LDA can easily be compromised
when there is a great overlap between the
data distribution of different categories. Wave-
let transform is easily affected by noise, thus
selecting suitable parameters for the wavelet
basis function is essential [49-51].

Spike clustering

Spike clustering refers to organizing points in
the feature space into clusters. Each cluster
is associated with a different neuron, separat-
ed by defined boundaries between different
clusters [52]. Optimal clustering techniques
should minimize user intervention and achieve
efficient and accurate results. It is generally
believed that the changes within the cluster are
caused by the noise superimposed on the real
spike waveform [53]. The background noise
obeys the Gaussian distribution. Therefore,
most clustering algorithms are built based
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Based on the given dataset, randomly select &
Data objects as initial clustering centers.

!

According to equation (1), the Euclidean
distance of the remaining data objects from
the cluster center is calculated.

!

Based on the Euclidean distance, the data
objects are assigned to the clusters where
the clustering centers closest to them are
Located.

Calculate the mean value of the data objects
in each cluster as the new clustering center,
and calculate the SSE of all clusters accor-
ding to equation (2).

!

Determine if the total SSE valué
has changed?

End of clustering, output final clustering
results

Figure 4. K-means algorithm flow chart. SSE, sum
of squared error. This figure was adapted from [53].

on the Gaussian model. Most SSAs perform
clustering by fitting a Gaussian mixture model,
modeling the feature density curve as a sum of
Gaussians, or fitting a mixture of t distributions.
Several clustering methods commonly used in
recent years are introduced.

K-means

K-means clustering is one of the prevalent
unsupervised learning techniques. It primarily
uses the Euclidean distance d(x,c;) as an indi-
cator to measure the similarity between data
objects. Its calculation formula is shown in
Equation (10), where x is the data object, c; is
the ith cluster center, and m is the dimension
of the data. The similarity is inversely propor-
tional to the distance between data objects.
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The algorithm needs to specify the initial num-
ber of clusters k and k initial cluster centers in
advance. Then, based on the similarity between
the data object and the cluster center, the loca-
tion of the cluster center is continuously updat-
ed, and the sum of squared error of the cluster
is reduced, as shown in Equation (11). When
the sum of squared error no longer changes
or the objective function converges, clustering
ends and the final result is obtained [54, 55].
The K-means algorithm is a continuously itera-
tive process, and its algorithm flow is shown in
Figure 4. Figure 4 was adapted from [53].

Mean shift

Mean shift is a non-parametric clustering meth-
od first proposed by Fukunaga and Hostetler
[56]. It treats data samples as empirical rep-
resentations of probability density functions in
a d-dimensional feature space. Dense regions
in the d-dimensional feature space is used to
represent local maxima of the underlying dis-
tribution [57]. The algorithm first estimates the
kernel density function, as shown in Equation
(12), where k represents the symmetrical ker-
nel function, which usually is a Gaussian func-
tion.

| x—x |P (12)

After each data point is assigned to the cor-
responding f(x), the algorithm moves the data
point to the KDF mapping according to the gra-
dient function in Equation (13) [58].

" xX=x 5.

e M
Vi) =2 (3" K —————-x] (13
nh h SRR (13)

The focus of the mean shift algorithm is pri-
marily to improve calculation efficiency and
robustness [15]. In recent research, Yang et al.
proposed a method that combines the mean
shift algorithm with the optical flow method,
which reduces the cumulative error and thereby
improves computational efficiency [59].

Super-paramagnetic clustering (SPC)
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Figure 5. Templates are obtained using threshold detection method. This figure was adapted from [15].

SPC is an unsupervised classification tech-
nique based on clustering self-tenancy of data
density and interaction energy. Drawing inspi-
ration from the interactions observed among
superparamagnetic particles under varying
temperatures, SPC distinguishes itself from
conventional algorithms by excluding the use of
clustering distribution functions. First, it uses
Equation (14) to mathematically simulate the
interaction between x; and x; at different points,
where a is the average distance between near-
est neighbor points. Then, it assigns a “Potts
spin” state variable s from to g to each point
X;, where q is usually chosen to be 20. Finally,
it uses the Wolff algorithm to perform N Monte
Carlo iterations at different temperatures [19,
60]. The state value p; is updated according to
Equation (15), where T represents the tempera-
ture value.

J, = 1ex[u]
K OPTT (14)

J, 1 ifs =s,
P =1-exp(- T] 8,4,) 6, ={ ' (15)

0 otherwise

(g—Dc; +1 (16)
q

G, =

i

s will be iteratively updated according to the
value of p; until it becomes stable. Equation (16)
introduces the spin-spin correlation function,
where ¢; is a number belonging to the interval
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[0, 1]. An appropriate threshold € can be select-
ed. When G;>¢ , different data points x; and x;
belong to the same cluster.

Fuzzy C-means (FCM)

FCM combines the K-means algorithm with
fuzzy logic, which has good processing effects
on data with high complexity. FCM is an itera-
tive algorithm whose execution steps are simi-
lar to K-means. First, the number of clusters k
needs to be determined. Its value can be fixed
or adaptive. Next, it randomly initializes the
value j; of the cluster member of each point x;
relative to the cluster center C, and then calcu-
lates the cluster center according to Equation
(17) [15, 61].

17
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where D is the number of data points, and N
is the number of clusters, and m is the fuzzy
parameter. The values of cluster members are
then calculated and updated using Equation
(18), where m is a parameter greater than 1.
When m approaches 1, the ambiguity decreas-
es, and the algorithm result approaches the
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K-means algorithm.

Of the four algorithms introduced above,
K-means has the simplest structure and is easy
to implement, excelling in efficiency with large
datasets. Mean shift has good adaptability to
data with linear structure. SPC stands out for
good adaptability to automatically determine
the number of clusters. FCM is distinguished
by its good robustness in data processing and
has good adaptability to situations where data
points belong to multiple clusters. However,
each algorithm has its limitations: K-means is
sensitive to noise and outliers, and thus does
not have good robustness; Mean shift has high
computational complexity on large-scale data
sets; SPC is complex and can be affected by
temperature, and the convergence speed of
FCM is relatively slow [62-65].

Novel SSAs

Novel SSAs do not follow the three steps of tra-
ditional algorithms. For example, using neural
system simulation and deep shrinkage auto-
matic encoding methods to perform spike sort-
ing [66, 67]. Current mainstream algorithms
can perform two or more steps simultaneously,
thereby improving algorithm efficiency. These
algorithms are mainly divided into two catego-
ries, one is template matching and the other is
deep learning.

Template matching

Template matching identifies the position of
a specific template within a signal sequence,
facilitating accurate and efficient locate specific
spikes in spike sorting. It takes the normal-
ized-template-matching method proposed as
an example [68]. Firstly, conventional SSAs are
used to extract the initial template, such as
threshold detection, as shown in Figure 5. The
figure was adapted from [15]. Subsequently,
the template was used to move against the
neural recording to assess waveform similarity
that determined by calculating the relationship
between the extracellular voltage signal and the
average spike waveform of each candidate sin-
gle unit, which here called cross-correlation. Let
the average spike waveform of all channels be
U, where u=[u; 4,U; 5,..-Minl; U, IS at the average
spike wave in n channels. Let the L=fk, where
f, is the sampling frequency and k is the length
of the custom time window, then y;, is a 1xL
vector. In the same way, the neural recording
signal is defined as a vector vu;, that changes
with time, thus obtaining V(t)=[u(t),,u(t),,...u(t)
v]. Based on the above, the cross-correlation
equation can be obtained:
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C()y=V(t)xu" (19)

Based on cross-correlation, the two steps of
spike detection and feature extraction can be
accomplished, and then K-means and other
methods can be employed to complete clus-
tering and the entire SSA step. However, since
neural recording signals are usually non-sta-
tionary, template matching methods require
template recalibration over a period of time.

Recent advancements in template matching
for peak sorting include the utilization of par-
ticle swarm optimization algorithm and the
multi-template matching method to optimize
the template [69, 70]. For the optimized tem-
plate, experimental results demonstrated that
it could significantly reduce the occurrence of
false positives and false negatives. Another
study combined templates with convolutional
neural networks (CNNs), employing CNNs to
train on real spikes and overlapping spikes,
which allows for correct spike classification and
minimizes the occurrence of repeated spikes
[71].

Deep learning

Deep learning is a popular technology that has
been used in various fields for several years.
It involves the application of machine learning
through deep artificial neural networks (ANN),
which has more layers, parameters and neu-
rons. The use of deep learning methods to
solve the peak sorting problem has become a
popular research direction, and there are three
main strategies: (1) end-to-end solution, (2)
deep learning for spike sorting steps, and (3)
spiking neural network (SNN)-based solutions
[72-74].

End-to-end solution

The end-to-end solution uses the filtered neural
recording as the input of the deep neural net-
work and directly outputs the spike sequences
produced by different neurons. This approach
eliminates tedious preprocessing steps by
starting from raw data as input. For instance,
researchers used CNN and long short-term
memory to perform peak sorting in an end-to-
end manner [75]. Here, CNN is used for spike
detection, and long short-term memory is used
to receive the output stream of CNN and pro-
cess the corresponding information. Other re-
searchers proposed a medium 1D-CNN model
tailored for single-channel spike sorting [76]. Al-
though the end-to-end solution is a simple and
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efficient way, its internal parameters require
a large amount of data for training, and this
method is not suitable for complex spikes.

Deep learning for spike sorting steps

Section 2 explains spike sorting as a process
comprised three independent steps. Some of
these steps can be improved by using deep
learning methods. The most common one is
to use deep learning for spike detection and
denoising. Extracellular nerve signal recording
contains a variety of components originating
from the signal recording equipment or the
measured organism itself, such as the activity
of nearby neuronal cells. These noises can af-
fect the detection accuracy. Lecoq et al. used
original noise samples to train a spatiotemporal
nonlinear difference model, thereby achieving
the effect of eliminating independent noise
sources in the input signal [77]. Okreghe et al.
proposed a deep spike detection technique
using CNN in conjunction with K-means, exhib-
iting robust learning capabilities for high-dimen-
sional vectors and effective removal of artifacts
in the acquisition channel [78].

SNN-based solutions

SNN, a relatively new type of neural network,
exhibits functions more akin to neural networks
in living organisms when compared to other
conventional neural networks. SNN uses a tem-
poral encoding scheme to encode information
into spike sequences. It has more powerful
information representation capabilities than
ANN, especially for complex temporal or spa-
tiotemporal data. In hardware implementation,
SNN can achieve fast and large-scale parallel
information processing [79, 80]. In the applica-
tion of spike sorting, Mukhopadhyay et al. pro-
posed a spike sorting method that combines
SNN and K-means to achieve training and
classification of on-chip systems through a two-
step shared training scheme [81]. Werner et al.
proposed a method to implement spike sorting
using a two-layer SNN. In this technology, there
is no need for preliminary waveform detection.
The first layer is used to filter the original signal,
and the second layer is used for detection and
feature extraction. Both layers of neurons follow
the Leaky Integrate-and-Fire model [82]. The
disadvantage of this technology is that the pa-
rameters of Leaky Integrate-and-Fire need to be
manually adjusted to adapt to different shapes
of waveforms. Later, Bernert et al. optimized it
and confirmed the high efficiency of this tech-
nology in high-density electrode settings [83].
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Conclusion

This review provides a detailed introduction of
various steps involved in SSA, covering the pre-
dominant algorithms associated with each step
and their current research status. Additionally,
a detailed description of the application of deep
learning technology in the field of spike sorting
is provided. With the development of BCI, there
is an escalating demand for enhanced neural
signal acquisition channels and signal quality,
which also poses challenges to the develop-
ment of SSAs.

The foremost challenge is to solve the prob-
lem of signal non-stationarity. Neural signals
change over time and can be affected by mul-
tiple factors, leading to temporal variations in
spike shapes, especially in systems that require
manual intervention [84, 85]. The second chal-
lenge is overlapping spikes, which significantly
reduce the performance of conventional clus-
tering algorithms [86]. The most commonly
accepted solutions nowadays are Bayesian
statistical techniques and template matching
introduced in section 3.1 and the ANN. How-
ever, the above methods are computationally
intricate and demand substantial hardware
capabilities. Therefore, future research should
aim to simplify and enhance the efficiency of al-
gorithms designed to tackle overlapping spikes.
The third challenge is the determination of the
training data set and evaluation scheme. Most
current spike sorting systems are evaluated us-
ing synthetic datasets with real labels. The sim-
plest method is to add modeled Gaussian noise
to the spike waveform. Due to the interactions
between neuronal cells, it is very challenging to
form realistic multi-channel synthetic data.
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Highlights

« This review introduces the basic principles and features of photoacoustic imaging technology.
e This review illustrates the application of photoacoustic imaging in the study of brain diseases.

Abstract

Photoacoustic imaging (PAl) technology, characterized by its high resolution, minimal biological impact, and high
sensitivity, has become a cornerstone in biomedical research. Its application spans various domains, showing
significant promise for disease diagnosis. Currently, the majority of PAl research is conducted using animal mod-
els, with human clinical applications still in early development. This paper reviews the fundamental principles of
PAI and explores its use in animal brain imaging studies. It addresses the current challenges and limitations of
the technology and evaluates the potential for extending these techniques to human cerebral imaging. PAl offers
substantial benefits for diagnosing neurological disorders, and its adaptation for human brain studies is crucial for
advancing our understanding of neuropathogenesis, improving early disease detection, and monitoring treatment
effectiveness. Continued advancements in PAl are expected to not only augment its role in neuroscience research
but also establish it as a valuable tool in clinical diagnostics.

Keywords: Brain diseases, photoacoustic imaging, brain imaging, deep learning

Introduction

According to 2019 statistics, brain diseases
have emerged as a leading cause of death
among Chinese residents, with a notable in-
crease in their contribution to mortality and
disability [1]. Stroke is the foremost cause of
death and significantly impacts years of life
lost. Alzheimer’s disease (AD), the most com-
mon type of dementia, has escalated from 28th
to 8th in disease ranking. First described by
German physician Alois Alzheimer in 1906, AD
is a degenerative neurological disorder char-
acterized by memory loss, aphasia, dysarthria,
impaired visuospatial skills, executive dysfunc-
tion, and changes in personality and behavior
[2]. The pathogenesis of AD remains largely
unclear, and diagnosis primarily depends on
neuropsychological evaluations. Epidemiolog-
ical projections suggest that by 2050, over

131.5 million people globally could be affected
by AD. Additionally, cancers of the brain and
central nervous system have moved from the
30th to the 23rd position in disease burden.
Neurological disorders have also escalated in
their rank as causes of disability, moving from
6th to 5th place. Consequently, brain diseases
now pose the most significant health threat to
the Chinese population, imposing a substantial
burden on both individuals and society.

Despite a century of research, our understand-
ing of the brain remains incomplete. Neurosci-
ence posits that the brain is responsible for all
conscious human activities, yet the exact mech-
anisms by which it generates consciousness
and behaviors are still largely unknown due
to the complex correlations between neuronal
activities and these functions. While interven-
tional electrodes allow for the observation of

Address correspondence to: Rongguo Yan, Department of Biomedical Engineering, School of Health Science
and Engineering, University of Shanghai for Science and Technology, No. 516 Jungong Road, Yangpu, Shanghai
200093, China. E-mail: yanrongguo@usst.edu.cn.
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Table 1. Comparison of high-resolution optical imaging modalities
Modality

Penetration Primary contrast

Confocal microscopy ~0.5 mm Scattering, fluorescence
Two-photo microscopy ~0.5 mm Fluorescence

Optical coherence tomography ~1mm Scattering, polarization
PAI ~3-30 mm, scalable Absorption

Note: PAI, photoacoustic imaging.

a limited number of neurons, they fall short of
fully satisfying scientific curiosity about broader
brain functions. Since 2013, several countries
including the United States, China, Australia,
the European Union, Japan, South Korea, and
Canada have launched comprehensive “brain
programs” aimed at exploring various aspects
of brain function and the links between neural
structure damage and disease [3-5].

Advancements in modern brain imaging tech-
niques have significantly improved disease de-
tection capabilities. Current imaging modalities
include CT, MRI, Positron Emission Tomography
(PET), Optical Imaging, Ultrasound, and Pho-
toacoustic Imaging (PAI). However, these tech-
niques have inherent limitations. For instance,
CT, PET, and MRI often suffer from low tempo-
ral resolution, which can affect the quality of
imaging. Furthermore, the equipment required
for CT and MRI is not only bulky and costly but
also entails high maintenance expenses and
extended durations for scanning [6].

Since the 20th century, significant advance-
ments have been made in PAIl, but it was not
until the early 21st century that its application
in biomedical detection began to flourish. This
development was largely driven by the pioneer-
ing work of Professor Wang LV’s research group
at the University of Washington, who explored
bio-PAIl techniques [7]. This research marked
the onset of PAl's rise as a bio-imaging tech-
nology based on the photoacoustic effect. Cur-
rently, PAl is categorized into three main types:
photoacoustic computed tomography (PACT),
photoacoustic microscopy (PAM), and photo-
acoustic endoscopy (PAE). PACT is extensively
used in human studies due to its deep tissue
penetration capabilities. In contrast, PAM pro-
vides higher resolution for biomedical applica-
tions but at a reduced penetration depth. PAE,
a specialized form of PAM, employs a unique
scanning method to miniaturize the system for
high-resolution imaging of internal organs [8].

PAI has demonstrated significant utility across

various biomedical fields, including oncology,
cardiovascular diseases, breast cancer, oph-
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thalmology, and otorhinolaryngology, as well as
in vivo measurements of cerebral oxygenation
and microcirculation studies [9-14].

Currently, research on PAl primarily involves
animal studies and has not yet fully transi-
tioned to human clinical trials. This paper will
introduce the principles of PAI technology and
the application of deep learning-based PAIl algo-
rithms in brain imaging. It will also discuss the
development and challenges of PAl in animal
brain studies and evaluate the potential for its
application in human brain imaging.

Principles of PAI

PAl operates on the principles of the Lam-
bert-Beer Law, a fundamental law of absorption
photometry that is applicable across all forms
of electromagnetic radiation and to all light-ab-
sorbing entities, including gases, solids, and
liquids, as well as molecules, atoms, and ions.
This law forms the foundation for quantitative
spectral analysis, as depicted in equation (1).

A, =—log,, T = kbc (1)

Where A, is the absorbance at wavelength A, T
is the transmittance, k is the absorption coeffi-
cient, b is the thickness of the absorbing layer,
and c is the concentration of the light-absorbing
substance [15]. As shown in the Table 1, PAI
exhibits greater sensitivity to light absorption
compared to other optical imaging modalities

[7].

The principle of the PAIl technique is shown in
Figure 1. When pulsed laser light irradiates
target tissue, chromophores within the tissue
absorb the energy, leading to a non-radiative
transition as described by the Lambert-Beer
Law. Specifically, molecular chromophores ab-
sorb photon energy, transition from the ground
to an excited state, and subsequently release
energy as heat. This heat causes the tempera-
ture of the target tissue to increase, inducing
thermoelastic expansion that generates acous-
tic waves. These waves propagate as photo-
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Laser pulse & absorption —— Thermal expansion — Acoustic wave generation = Ultrasound detection

Laser

Figure 1. Schematic diagram of photoacoustic imaging.

acoustic signals (PAS) [16-19]. The photoacous-
tic effect, discovered by Alexander Graham Bell
in 1880, occurs when tissues are exposed to
nanosecond or picosecond pulsed lasers, pro-
ducing ultrasound waves [20]. The initial sound
pressure of a photoacoustic signal is calculated
using the following formula:

B =T, u,F @

Where P, is the initial pressure, I is the
Gruneisen parameter, n,, is the photothermal
conversion efficiency, u, is the optical absorp-
tion coefficient, and F is the luminous flux. This
equation illustrates that the photoacoustic sig-
nal is directly proportional to the optical absorp-
tion coefficient. A small change in the optical
absorption coefficient (Au,), results in a corre-
sponding change in the initial sound pressure
(AP,), maintaining the ratio AP,/ P,=Au,/u, [7].
Here the effect of F on AP, can be neglected.

Therefore, any fractional change in the optical
absorption coefficient directly corresponds to
an equivalent fractional change in the pho-
toacoustic signal. Given that the propagation
time of acoustic signals in biological tissues
is substantially longer than the wavelength of
light and experiences minimal attenuation, the
PA signals captured by an ultrasound transduc-
er reliably conform to Equation (3).

1 o
VZP(r,t)—C—zyz—Po(r)

81(1‘)
ot

3)

where Py(r)=I(r)A(r) represents the initial acous-
tic pressure source distribution, ¢ represents
the speed of sound in the tissue, 7(t) represents
the pulse width of the laser pulse, and I(r)
and A(r) are the spatial distribution functions
of the Grliineisen parameter and the optical
absorption coefficients of the imaging region.
The Grineisen parameter is dimensionless and
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relates to the elastic modulus and specific heat
capacity of the tissue.

When utilizing short-pulsed lasers with nano-
second or picosecond pulse widths as the
excitation source, the duration of each pulse
is significantly shorter than the thermal relax-
ation time of biological tissues. This temporal
discrepancy ensures that heat is confined with-
in the illuminated area, meeting the thermal
confinement condition. Consequently, the ab-
sorbed material experiences an instantaneous
temperature rise, leading to the generation of
a shockwave with a rapid front velocity that
enhances the amplitude of the resulting pho-
toacoustic signal. Therefore, selecting a nano-
second-level pulse width for the excitation light
source is critical for achieving higher signal
conversion efficiency. Following this, data pro-
cessing techniques are applied to the PAS to re-
construct the initial pressure distribution within
the tissue and to invert the spatial distributions
of optical absorption coefficients and thermal
expansion characteristics, thereby providing
detailed insights into the tissue’s structure and
function. The ultrasound detector captures the
PAS induced by the photoacoustic effect in bio-
logical tissues, which underpins the application
of PAIl in biomedicine. The varying intensities of
ultrasound generated by different biological tis-
sues (directly proportional to the absorbed light
energy) allow for the differentiation between
normal and diseased tissues [8].

Brain imaging based on deep learning

The development of PAl techniques has
spurred the advancement of various PAl image
reconstruction algorithms. Standard PAI recon-
struction methods include Filtered Bach-Pro-
jection, Delay-And-Sum beamforming, Fourier
Transform-based algorithm, and Time Reversal
method. In recent years, the adoption of Deep
Learning algorithms in medical image process-
ing has grown extensively. Particularly, Convolu-
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tional Neural Network (CNN) have become the
favored approach for medical image processing
and analysis, including brain imaging research.

PAI reconstruction algorithms based on deep
learning can be divided into two categories:

e Learning-based image optimization, where
a standard reconstruction algorithm first re-
constructs low-quality photoacoustic images
containing artifacts from incomplete measure-
ments. These images are then enhanced using
a well-trained CNN, which removes artifacts
and noise, improving image quality.

e Model-based learning and reconstruction,
which incorporates a predictive photoacoustic
imaging physical model into the training of
CNNs for image reconstruction. The CNN serves
as an iterative framework to solve the optimi-
zation problem, learning a priori knowledge for
solving inverse problems from the measure-
ment data [21]. CNN is widely used in brain im-
aging, with specific architectures such as U-net,
Fully Dense U-net (FD U-net) being particularly
popular.

Guan proposed a novel deep learning method
called Pixel-Deep Learning, which first em-
ployed pixel-level interpolation controlled by
the physics of photoacoustic wave propagation,
followed by image reconstruction using a CNN
[22]. This method was trained using a synthetic
vasculature system model dataset and test-
ed on a mouse cerebral vasculature system
experiment. The results demonstrated that
Pixel-Deep Learning consistently surpassed tra-
ditional post-processing reconstruction in terms
of mean peak-signal-to-noise ratio and struc-
tural similarity index, achieving performance
comparable to that of iterative reconstruction
methods.

Using a dataset derived from the mouse cere-
bral microvascular system, DiSpirito et al. eval-
uated several CNN architectures and selected
the FD U-net model for its superior performance
in reconstructing undersampled PAM images
[23]. This choice avoided the typical trade-off
between spatial resolution and imaging speed.
The FD U-net demonstrated robust capabilities
in reconstructing PAM images using as little as
2% of the original pixel data, effectively reduc-
ing imaging time without compromising image
quality.

Zhu et al. employed a deep learning model to
enhance real-time whole-brain imaging of he-
modynamics and oxygenation at microvascular
resolution through ultra-fast wide-field photo-
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acoustic microscopy [24]. The FD U-net was
particularly effective in upsampling PAM im-
ages, addressing the issue of undersampling.
Compared to the undersampled images, the
upsampled images featured smoother vessel
boundaries, reduced undersampling artifacts,
and more consistent vessel intensities and con-
tours.

Zhang et al. utilized a 2D-photoacoustic to-
mography (PAT) numerical model of the human
brain, encompassing six tissues: scalp, skull,
white matter, gray matter, blood vessels, and
cerebrospinal fluid, for optical simulation [25].
The model facilitated the determination of the
photoacoustic initial pressure based on the
optical properties of the human brain. Sub-
sequently, two different k-wave models were
employed for cranial acoustic simulation. The
photoacoustic sinusoidal maps with cranial-in-
duced aberrations served as inputs to the U-net,
while the cranial-exfoliated photoacoustic sine
map acted as the supervised map for training
the network. The final experimental results indi-
cated that U-net correction effectively mitigated
cranial acoustic aberrations, significantly en-
hancing the quality of PAT human brain images
reconstructed from corrected PAS, which clearly
depicted the distribution of cerebral arteries
within the skull.

With the advancement of high-performance
processors, big data technologies, and the
proliferation of open-source databases, the ap-
plication of deep learning in medical image re-
construction, particularly in PAl, has expanded
significantly. Utilizing deep learning algorithms
in brain studies enhances the quality of PAI,
aligns with contemporary technological trends,
and opens up new possibilities for the future
development of PAI. However, it is crucial to
recognize the limitations of deep learning algo-
rithms, such as the need for extensive training
datasets, high computational requirements,
susceptibility to overfitting, and the potential
loss of high-frequency detail information. These
challenges highlight the ongoing need for fur-
ther development in deep learning-based PAl
technology.

Progress in PAl in diagnosis of brain diseases
Progress in PAl for animal brain experiments

Imaging small animals is vital in preclinical
research, providing crucial physiological, patho-
logical, and phenotypic insights with clinical
relevance [26]. The necessity for animal exper-
iments has prompted researchers to employ
mouse models. Currently, many models with
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Table 2. Examples of animal brain experimental research from 2008 to 2022

Year Subject Modality Resolution (unit: um)

2008 [7] Rats PAT Lateral resolution: 60

2015 [29] Rats PAT Lateral resolution: 243

2016 [30] Rats 3D-wPAT In-plane spatial resolution: 200
2017 [26] Rats SIP-PACT 125

2018 [31] Rats PACT 75

2019 [4] Rats MSOT 100

2021 [33] Monkey p(portable)-ORPAM

2022 [34] Rats

Photoacoustic neuroimaging

Lateral resolution: 15
axial resolution: 120

Axial resolution: 110

Note: PAT, photoacoustic tomography; wPAT, wearable photoacoustic tomography; SIP, single-impulse; PACT,
photoacoustic computed tomography; ORPAM, optical resolution photoacoustic microscope; MSOT, multispectral

optoacoustic tomography.

simplified geometries are unable to accurately
validate PAI systems. This limitation led Grasso
et al. to design and develop a stable model that
closely mimics the detailed morphology of a
mouse, serving as a realistic tool for PAI [27].
The creation of such mouse simulation models
could diminish the need for animals in valida-
tion and standardization studies of preclinical
PAI systems, thereby facilitating the transition
of PAl technology into clinical research.

Several research groups around the world have
conducted small animal brain imaging stud-
ies using PAIl, as documented in Table 2 [28].
The table summarizes studies from 2008 to
2022, including the year of study, experimental
subjects, PAl modes, and specific resolutions
achieved. Notably, PAl has significantly ad-
vanced in imaging resolution, exemplified by
studies on the cerebral cortex and blood ves-
sels of experimental rats using contrast agents
at the University of Washington, USA, in 2008.

As indicated in the table, the lateral resolution
of the images referenced in the literature is
notably lower [32]. This reduction in resolution
is attributed to the curvature of the micro-elec-
tro-mechanical-system scanner and the mis-
match of refractive indices between air, glass,
and water in the optical path. However, this
configuration also ensures that the laser ener-
gy reaching the cerebral cortex is moderated to
avoid damaging the animal tissue.

Tang et al. investigated cerebral hemodynamics
and brain function in experimental rats using a
novel, miniaturized 3D wearable PAT (3D-wPAT)
system designed for mobile lab rats [29, 30].
This approach eliminated the potential con-
founding effects of anesthetics on neuronal
excitability, cerebral hemodynamics, vascular
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reactivity, cerebral metabolism, and other phys-
iological indices. The 3D-wPAT system featured
three elevation layers with a fully functional
acoustic transducer array, each consisting
of 3x64 elements. Functional imaging was
performed under hyperoxia conditions using
multi-wavelength optical excitation (710 nm
and 840 nm). The wPAT images captured from
each ultrasound detection layer of the behaving
rats demonstrated the capability of 3D-wPAT
in imaging the brain of mobile rats. Compared
to the state of the technology in 2008, spatial
resolution and imaging speed have significantly
improved in PAl, with 3D-wPAT requiring only
163 milliseconds to capture images, marking
substantial progress in rat brain imaging [7, 29,
30].

In a related approach, Zhang also utilized be-
having lab rats as experimental subjects [31].
Using a PACT system equipped with a high-fre-
quency linear array transducer, Zhang mapped
the entire brain microvascular network of rats
with intact skulls to study hemodynamic activ-
ities [31]. The limited field of view of the linear
array meant that only vessels perpendicular to
the acoustic axis were clearly reconstructed,
while vessels deviating from this axis were
barely visible. To overcome this limitation, the
linear array was mounted on a rotating platform
centered on the rat’s brain. Without altering the
laser illumination, the brain was scanned com-
prehensively, and the images were processed
to produce a full-view image. These full-view
images demonstrated that the PACT system
with high-frequency linear arrays could achieve
high-resolution, deep functional imaging of the
entire brain in mobile rats using in vivo photo-
acoustic computed tomography.

Chen et al. introduced a wearable, robust
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optical resolution photoacoustic microscope
designed for freely moving rodents [32]. This
device features a small, lightweight, and fast
optical scanner that provides high spatiotem-
poral resolution, a large field of view, easy
assembly, and adjustable optical focus for in
Vivo experiments, allowing it to image cerebral
cortical activity effectively. Conversely, Qin et
al. developed a fast, portable photoacoustic
microscope for high-resolution in vivo imaging
of the cerebral cortex in rhesus monkeys [33].
By measuring vascular diameter and functional
connectivity, they analyzed the structural and
functional responses of cerebral vasculature to
alternating normoxic and hypoxic conditions.

Penn et al. utilized multispectral optoacoustic
tomography (MSOT) to monitor neurovascular
changes in a laboratory rat model of repetitive
traumatic brain injury [35]. MSOT was em-
ployed to track hemoglobin content under ox-
ygenated and deoxygenated conditions during
treatment, assessing its efficacy. This study
revealed MSOT’s potential as a noninvasive
method to monitor neurovascular changes in
repetitive traumatic brain injury models, sug-
gesting it could significantly enhance the moni-
toring of such injuries, which is currently costly
and invasive for patients with mild conditions.

Salvas employed high-resolution ultrasound
and PAl equipment (LRQA 1s0o9001; France
Life Imaging (grant ANR-11-INBS-0006); IBI-
SA; Leducq Foundation (RETP); I-Site Muse) to
track neurovascular oxygenation and cardiac
function trajectories [36]. This application of
PAl in preclinical models highlighted trends in
pathophysiological biomarkers that may offer
new insights into the physiopathology of cardi-
ac arrest and resuscitation.

Zhang et al. investigated PAIl at three levels,
i.e. brain tissue slices, isolated whole brains,
and whole brains in vivo, using mice with AD
pathologies [16]. The study involved APP/PS1
transgenic mice and their non-transgenic wild-
type littermates. The PAI system, equipped with
a 532 nm laser and a 10 ns pulse width, was
used to analyze differences in brain structure
and vascular networks. The distribution of pho-
toacoustic signal amplitudes in the cerebral
cortex of both mouse types was statistically
analyzed. Results indicated that the amplitude
distribution of PAS in the wild-type mice’s ce-
rebral cortex was narrowly ranged and smaller,
whereas it was broader and higher in AD mice.
These findings highlight the capacity of PAIl to
capture the heterogeneity of brain structure in
AD, demonstrating its significant potential for
monitoring structural changes and vascular
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characteristics in the brain during the progres-
sion of brain diseases. This technology provides
deeper insights into brain science studies and
the development of brain disease pathology.

The continuous exploration of PAl in animal
brain imaging has led to remarkable improve-
ments in both image penetration depth and
resolution. Overall, the advances in PAl within
this field offer numerous possibilities and op-
portunities, with the potential for further break-
throughs in bioimaging.

Feasibility study of PAI for diagnosis of human
brain diseases

The effectiveness of biological tissue imaging
is contingent upon photon penetration depth,
resolution, and tissue contrast. While most
deep brain functional studies currently rely on
functional magnetic resonance imaging, this
modality faces several limitations in achieving
optimal spatiotemporal resolution and contrast.
Specifically, the challenges with functional
magnetic resonance imaging include: 1) rela-
tively low spatial resolution; 2) slower temporal
resolution; 3) dependency on changes in blood
oxygen levels, which can be limiting; 4) suscep-
tibility to interference from head movements.

Photon propagation in soft tissue can be seg-
mented into four distinct regions, each defining
the penetration limits for various high-resolu-
tion optical imaging modalities such as con-
ventional planar optical microscopy, confocal
microscopy, two-photon microscopy, and optical
coherence tomography. As depicted in Figure
2, these penetration limits are set at 100 ym
(aberration limit), 1 mm (diffusion limit, also re-
ferred to as the “soft limit”), 10 cm (dissipation
limit), and 1 m (absorption limit) [37]. Tradition-
al optical imaging techniques are constrained
by the diffraction limit and scattering limit,
which have historically impeded high-resolution
imaging. However, the introduction of PAI has
shown potential to surpass these longstanding
barriers, offering new avenues for high-resolu-
tion imaging in the diagnosis of human brain
diseases.

The penetration limits shown are order-of-mag-
nitude approximations; wavefront-engineered
penetrations are theoretical projections; this
classification applies to light-scattering domi-
nated media. Traditional optical imaging tech-
niques face significant challenges due to strong
optical scattering in tissues, which impedes
high-resolution imaging beyond an optical diffu-
sion limit of approximately 1-2 mm depth. While
diffuse optical imaging methods can penetrate
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Figure 2. The propagation of photons in soft tissue.

Optical propagation depth

Cell
Aberration limit: 100 um  —
1/scattering coefficient K
Skin
D.iffusion 1imit: | mm —
10/scattering coefficient
lcm — Organ
Dissipation limit: 10 cm
10/attenuation coefficient
Absorption limit: lm

10/absorption coefficient

I\

Conventional planar optical microscopy

Confocal microscopy (CFM)
Two-photon microscopy (TPM)
Optical coherence tomography

Wavefront engineering with internal guide stars

Conventional planar optical microscopy

Confocal microscopy (CFM)
Two-photon microscopy (TPM)
Optical coherence tomography
OR-PAM

AR-PAM

PACT

Wavefront engineering with internal guide stars

Figure 3. Approximate positions of the three photoacoustic modes in the diagram of the penetration limit rela-
tionship. OR-PAM, optical resolution photoacoustic microscope; AR-PAM, acoustic resolution photoacoustic mi-

croscopy; PACT, photoacoustic computed tomography.

to depths of several centimeters, their resolu-
tion remains low, approximately one-third of the
penetration depth [26].

PAI, a hybrid imaging modality, merges the high
contrast and spectral recognition capabilities
of optical imaging with the deep penetration
and high resolution of ultrasound imaging. This
modality is poised to surmount the limitations
of traditional optical imaging techniques by
providing high-resolution images at significant
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depths.

Compared with conventional medical imaging
technologies, PAI offers distinct advantages:

« It achieves selective excitation of specific
spectral tissues, capturing both structural and
functional imaging features, thus introducing a
novel imaging method distinct from traditional
techniques.

72



Progress in Medical Devices 2024; 2 (2): 66-75. PMD23120243

« By combining the benefits of optical and
acoustic imaging, it overcomes the “soft limit”
of depth in high-resolution optical imaging,
such as laser confocal microscopy, two-photon
excitation microscopy, and optical coherence
tomography, while simultaneously achieving
higher resolution for molecular imaging.

¢ PAl is a non-invasive, non-ionizing, and dam-
age-free technology [38].

Figure 3 illustrates the approximate positions of
three typical PAI modalities (OR-PAM, AR-PAM,
and PACT)—in relation to the penetration limit.
The spatial resolution of PAT varies with imag-
ing depth, transitioning from the quasi-ballistic
state (typically <1 mm in tissue) to the diffuse
state (typically 210 mm in tissue), and reaching
up to the dissipation limit (approximately 10 cm
in tissue). Reducing the imaging depth in PAT
can effectively enhance its spatial resolution,
offering a strategic approach to improving im-
age quality.

As early as 2013, Gong provided an overview
of biomedical PAI technology, which has since
become one of the fastest-growing technolo-
gies in the field due to advances in laser and
ultrasound detection technologies [39]. In
terms of laser technology, to ensure higher
signal conversion efficiency, the pulse width of
the excitation light source is typically selected
at the nanosecond level. By choosing specific
wavelengths of light, targeted absorption can
be identified based on differences in absorp-
tion coefficients. For instance, deoxy-hemoglo-
bin (HbR) is more sensitive at 710 nm, while
oxy-hemoglobin (HbO) is more sensitive at
840 nm. Using these wavelengths, Tang et al.
conducted three-layer ultrasound detection for
brain imaging in behaving rats [29].

In terms of ultrasound detection, the choice of
detection method significantly affects imaging
quality, depending on the intensity of the gen-
erated sound waves. For example, current PACT
systems primarily use arrayed ultrasound trans-
ducers. These transducers can be categorized
into planar, cylindrical, and spherical arrays.
Planar array transducers, often integrated with
the light source, are low-cost and straightfor-
ward to construct, making them prevalent in
PACT applications. Conversely, cylindrical, and
spherical array transducers, which are typically
customized, are more costly and bulky but are
necessary for specific imaging requirements,
such as small animal imaging and function-
al imaging of brain structures. Matching the
ultrasound transducer’s spectrum with the
photoacoustic signal’s spectrum, utilizing high-

Progress in Medical Devices

er central frequencies, and employing wider
bandwidths can all enhance imaging quality.
Therefore, it is crucial to consider various fac-
tors based on actual imaging needs to select
the appropriate ultrasound transducers and
detection methods for high-quality PAI.

Understanding how our brain functions rep-
resents a significant challenge in the field of
PAI. Probing the brain is crucial not only for un-
raveling profound scientific mysteries but also
for advancing our understanding and treatment
of neurological disorders, such as AD and Par-
kinson’s disease [2]. In summary, PAIl offers
several feasible capabilities:

« PAl transcends the fundamental depth limita-
tions of current high-resolution optical imaging
modalities. It holds significant promise for hu-
man brain imaging due to its high spatial reso-
lution, tissue quantification, and deep imaging
capabilities [36].

e The relationship between imaging depth and
spatial resolution is approximately constant,
maintaining proportionality as both dimensions
are scaled.

« PAl exhibits high sensitivity to light absorption,
enabling precise detection of changes within
tissues.

« PAl facilitates functional imaging by exploiting
physiologically specific endogenous optical ab-
sorption contrasts.

* PAl has the potential for real-time imaging
applications, enhancing its utility in dynamic
clinical environments.

« PAl is safe for human use, making it a promis-
ing tool for clinical applications.

Conclusion

After decades of development, PAI technology
has diversified, merging the strengths of pure
optical imaging and ultrasonography. It plays
a pivotal role in studying various brain tissues,
notable for its high resolution, minimal biologi-
cal damage, and high sensitivity, showcasing its
potential for biomedical applications. However,
current research on PAl for brain imaging is pre-
dominantly confined to small animal models.
The intense scattering and attenuation of ultra-
sonic signals by human cranial bones lead to
weakened PAS and expanded bandwidth, con-
sequently impairing imaging depth and spatial
resolution. The primary challenges facing PAI
in brain imaging include: 1) limited penetration
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depth; 2) the trade-off between resolution and
depth; 3) dependency on tissue optical prop-
erties; 4) interference from cranial bones; 5)
hurdles in clinical applications.

In conclusion, PAI offers significant advantages
for diagnosing brain diseases. Nevertheless,
substantial challenges remain for its wide-
spread clinical application in humans, partic-
ularly in understanding the pathogenesis of
brain diseases, achieving early diagnosis, and
monitoring treatment effectiveness. With on-
going advancements and broader adoption of
PAl technology, its potential in brain disease
research and other medical fields is promising,
positioning it as an important tool for clinical
diagnosis.
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Highlights

* Pulsed field ablation (PFA) demonstrates superior efficacy atrial fibrillation than traditional methods.
* Enhanced safety profile of PFA reduces complications in adjacent tissue damage.
* Optimized outcomes depends on key PFA parameters such as voltage, pulse width, and frequency.

Abstract

Pulsed field ablation (PFA), an emerging treatment method for atrial fibrillation, has demonstrated significant po-
tential in arrhythmia therapy. PFA employs high-intensity, short-duration electric fields to induce irreversible elec-
troporation in myocardial cells, disrupting abnormal cardiac rhythms, and restoring normal heart function. This
technique exhibits high success rates and low recurrence rates in animal studies and early clinical trials, offering
advantages over traditional methods by reducing damage to adjacent structures such as the esophagus, phrenic
nerve, and pulmonary veins. This review examines PFA’'s application mechanisms, benefits, key operational pa-
rameters and the design and safety of related ablation devices. It emphasizes PFA’'s potential to enhance both the
efficacy and safety of atrial fibrillation treatment and explores future research directions and technological devel-

opments.

Keywords: Irreversible electroporation, pulsed field ablation, atrial fibrillation treatment, ablation devices

Introduction

Irreversible electroporation (IRE) involves the
formation of irreversible micropores in the cell
plasma membrane when exposed to a strong
electric field [1, 2]. These pores, termed irre-
versible electropores, induce cell apoptosis due
to osmotic imbalance once their quantity on
the cell membrane reaches a critical threshold.
As an innovative medical intervention, IRE has
shown tremendous potential in treating arrhyth-
mias, especially atrial fibrillation (AF).

AF is a common cardiac disorder, primarily
treated clinically through catheter ablation tech-
niques [3]. Traditional catheter ablation meth-
ods, particularly radiofrequency ablation (RFA)
and cryoballoon ablation, function by damaging
abnormal cardiac cells through temperature

modulation [4, 5]. Although effective in some
cases, these methods depend on efficient heat
transfer from the catheter to the target tissue,
necessitating substantial contact between the
catheter and cardiac tissue. More importantly,
the potential adverse effects of thermal action
on cardiac cells and surrounding sensitive
tissues, such as the esophagus, veins, and
phrenic nerve can lead to adjacent tissue dam-
age, complicating postoperative recovery and
increasing risks.

To overcome these limitations, scientists have
introduced treatment methods based on IRE
technology. Unlike traditional thermal ablation
methods, IRE-based treatments do not rely
on thermal effects to eliminate cells, thereby
significantly shortening treatment duration and
accelerating the process [6]. Additionally, this
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approach exploits the lower electric field toler-
ance threshold of myocardial cells compared
to vascular tissues, allowing for more precise
targeting of myocardial cells without damaging
surrounding vascular structures [7-9]. This
selectivity is crucial for protecting non-target
tissues and provides a safer and more effective
AF treatment option with the clinical application
of IRE technology.

Technical advantages of IRE tissue selectivity

Pulsed field ablation (PFA) technology plays a
crucial role in the selective damage cardiac tis-
sues, while effectively avoiding damage to adja-
cent myocardial tissues such as the esophagus
and phrenic nerve. This technology achieves
electroporation effects by releasing high-in-
tensity electric fields within a microsecond
pulse width. When the electric field strength
surpasses the irreversible damage threshold
of specific cells, it can selectively affect these
cells [9]. Studies have shown that the IRE dam-
age threshold of myocardial cells is lower than
that of adjacent esophageal and phrenic nerve
tissues [7, 8]. Therefore, precise parameter
adjustments make it possible to damage myo-
cardial cells specifically while avoiding similar
effects on adjacent tissues.

Initially verified through animal experiments
by Koruth et al., this theory involved placing a
mesh-like ablation catheter and a RFA catheter
in the inferior vena cava, with the esophagus
fixed behind it, using a particular device [10].
Post-ablation observations revealed that pulsed
ablation technology did not cause damage to
the esophagus, while RFA led to esophageal
fistulas or ulcers [10]. Notably, although the
smaller diameter of the mesh structure used
in this study than the standard clinical size,
resulting in a stronger electric field at the same
voltage, the animal experiment results still con-
firmed the effectiveness of the tissue-selective
damage mechanism.

Further clinical data supported these findings.
In postoperative evaluations, certain patients
showed no esophageal damage as assessed by
enhanced magnetic resonance imaging exam-
inations [11]. Besides, clinical trials identified
two cases of persistent diaphragmatic nerve
damage in the radiofrequency/cryoablation
group, while no similar cases were recorded in
the PFA group [12].

Ablation safety

IRE incites a markedly reduced inflammatory
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response compared to radiofrequency/cryoab-
lation, thereby diminishing the risk of pulmo-
nary vein constriction. Unlike radiofrequency/
cryoablation, which utilizes thermal conduction
to inflict tissue damage, typically leading to
coagulative necrosis, inflammatory responses,
and fibrosis. PFA operates via an electropora-
tion mechanism, leading cells to undergo apop-
tosis rather than necrosis, thus avoiding micro-
vascular occlusion and intramural hemorrhage.
This difference in mechanism is crucial for
tissue recovery. Perioperative MRI detection in-
dicates that myocardial areas treated with PFA
demonstrate the potential for tissue tension
recovery, a phenomenon not observed with RFA
[13]. Research by Reddy et al., comparing the
effects of the two techniques on pulmonary
vein diameter, found PFA to be as efficacious as
thermal ablation in maintaining vein diameter
[12].

Impact of different pulse parameters on the
treatment of AF

Understanding the operational parameters of
IRE is vital for optimizing its application in treat-
ing AF. Pulse frequency, width, and duration are
pivotal in determining treatment efficacy, influ-
encing electric field interaction with cells and
the extent of cell apoptosis.

Baena et al. demonstrates that apoptosis
induction by pulsed electric fields (PEFs) cor-
relates with field strength, pulse width, and
duration [14]. Applying electric fields from 250
to 1000 V/cm to human myocardial cells, sig-
nificant electroporation and cell death occurred
at 750 V/cm, with a pulse width of 100 ps, and
of 3 ms. Effects were similar at a reduced field
strength of 250 V/cm with a pulse duration
extended to 60 ms. Additionally, short pulses
of 2 and 5 ps at field strengths above 1000 V/
cm significantly induced apoptosis. Prado et al.
noted that induce cell death with shorter pulse
necessitates higher electric field strengths [15].

Jiang et al. suggested that the stochastic na-
ture of IRE, indicating that not all cells undergo
apoptosis under high electric field conditions if
the pulse number or duration is insufficient [6].
Cardiac cell survival drops below 90% at field
strengths above 750 V/cm. However, almost
complete cell death (over 90%) is achievable
at strengths above 1250 V/cm with adequate
pulse numbers or duration. In the 750 to 1250
V/cm range, cells might be damaged without
immediate death. Interestingly, increasing
pulse numbers or duration does not enhance
cell damage at low electric field strengths
(below 500 V/cm), contrary to Rubinsky et
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Figure 1. Basic topology of a Marx generator. Vdc, voltage direct current; GND, ground.

al., who achieved 100% cell death at 125 V/
cm with significantly more pulses (up to 3840
compared to Jiang et al.’s maximum of 90) [16,
17]. Thus, investigating complete IRE-induced
cell death with sufficient pulse numbers at low
electric field strengths (below 500 V/cm) and
its clinical relevance merits further research.

Miklovic et al. demonstrated that under con-
stant electric field strength, pulse trains with
wider pulse widths significantly enhance tissue
ablation efficacy [18]. Specifically, a 50 ys
pulse train produced an ablation volume 7.2
times larger than a 1 ps pulse train. However,
they noted that extended pulse durations could
induce severe muscle contractions, potentially
leading to arrhythmias. An oversight in their
report was the omission of pulse frequency,
a critical parameter in IRE effectiveness. A
study investigated the impact of various pulse
frequencies on IRE treatment outcomes, em-
ploying pulse energies from 250 kHz to 2 MHz
to [19]. The results indicated that, with all other
parameters constant, a frequency of 250 kHz
was most effective, with diminishing efficacy at
higher frequencies. This trend may be attribut-
ed to the increase in high-frequency compo-
nents which, according to bioimpedance theory,
allow displacement currents at higher frequen-
cies to penetrate cell membranes directly [20].
Thus, high-frequency pulses tend to affect in-
ternal cellular structures, like the nucleus and
organelles, rather than the cell membrane’s
surface.

IRE ablation devices

Pulse power supply unit

The pulse power supply unit’s primary function
is to energize the pulse forming unit, a critical

aspect influencing the entire system’s perfor-
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mance. This involves determining the energy
storage module’s charging speed in the pulse
forming unit, which affects the system’s maxi-
mum pulse frequency.

DC-DC high-voltage generation, pivotal in power
conversion, offers notable stability in switch-
ing frequency and constant charging current.
The LLC resonant circuit, used in high-voltage
DC-DC converters, leverages inductance and
capacitance resonance for, reducing switching
losses and improving energy conversion effi-
ciency. Azura et al. developed a DC-DC convert-
er using LLC resonance, featuring a full-bridge
inverter, an LLC resonant tank, a high-voltage
transformer, and a full-bridge rectifier [21]. This
converter, achieving ZVS through leakage en-
ergy and LLC resonance, showcased superior
efficiency with a 300 V input to 3.5 kV/0.35A
output, confirmed by design examples and sim-
ulations.

Pulse forming unit

The development of IRE ablation devices criti-
cally depends on the pulse forming unit, which
utilizes high-voltage pulse generators, predom-
inantly of the capacitor discharge type. This
approach employs capacitors as energy stor-
age, which are charged and then discharged
through a switch to deliver high-voltage pulses.
The Marx generators and H-bridge circuits are
prevalent in capacitor discharge high-voltage
pulse generation.

A Marx generator, with its simple structure and
modest input power requirements, charges ca-
pacitors C,-C, in parallel and t discharges them
in series to generate high-voltage pulses (Figure
1). Its ability to generate high voltages through
cascading makes it a staple in pulse signal de-
sign. Advancements in switch technology have
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Figure 2. Basic topology of an H-bridge circuit. HV,
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Figure 3. Different Types of PFA Electrodes. (A)
VARIPULSE ablation electrode; (B) Sphere-9 cath-
eter; (C) pulse select ablation electrode; (D) FARA-
WAVE ablation electrode. The subfigures A, B, C, D
were cited from [24], [26], [28], [31], respectively.
PFA, pulsed field ablation.

made solid-state switches, such as MOSFETSs,
vital due to their compactness, controllability,
and high repetition capabilities. Yao et al. re-
placed traditional spark gaps with MOSFETs in
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a Marx generator, achieving pulse durations in
the hundreds of nanoseconds, adjustable pulse
widths from 200 to 1000 ns, rise times of 35
ns, and a frequency range of 1 to 1000 Hz, il-
lustrating the potential for precise and efficient
IRE ablation [22].

The H-bridge circuit, essential for generating
positive and negative pulses, consists of four
switching devices arranged in an “H” config-
uration (Figure 2). This setup enables control
over the current flow direction by alternating
the activation of these devices. lJiang et al.
introduced a novel bipolar modular multilevel
generator based on an H-bridge design, com-
prising a full-bridge module and multiple half-
bridge modules [17]. This generator can pro-
duce up to 2000 V, 2 us nine-level step pulse
waves, and adjustable square waves with 1-10
us pulse widths. Furthermore, Pirc et al. devel-
oped a device capable of emitting a maximum
voltage of 4 kV and a maximum current of 131
A, with pulse durations as brief as 200 ns and
a repetition rate up to 2 MHz [23]. This device
produces asymmetric bipolar pulses, allowing
independent adjustment of both pulse duration
and amplitude.

IRE ablation devices: electrode needles

In the development of IRE ablation devices, the
design of ablation electrode needles is equally
crucial. The effectiveness and safety of the ab-
lation treatment depend directly on these nee-
dles, as they deliver the PEF generated by the
pulse forming unit to myocardial cells.

The VARIPULSE ablation electrode (Biosense
Webster, California, USA), featuring a 7.5F
diameter, incorporates 10 ring electrodes
spaced 5 millimeters apart, each 2 millimeters
in length [24]. This configuration allows for an
adjustable diameter disk, varying from 25 to
35 millimeters, as seen in Figure 3A. This fig-
ure was cited from [24]. Such a design adapts
to different pulmonary vein openings, offering
flexibility in clinical applications. Additionally,
the catheter also boasts bidirectional bending
capabilities—up to 180° in one direction and
90° in the other—enhancing ease of use and
precision in engaging with all pulmonary veins.
Yavin et al. assessed the feasibility of using the
VARIPULSE ablation electrode to create block
lines from the superior vena cava to the inferi-
or vena cava, examining its effects on cardiac
lesions and esophageal and phrenic nerve tis-
sues [25]. This comprehensive study included
an atrial line model assessment and detailed
analysis of PFA’s impact on the esophagus and
phrenic nerve. Histopathological and statistical
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analyses, conducted with Stata/SE software,
confirmed that PFA could effectively establish
continuous and transmural block lines in the
atrium without causing significant harm to the
esophagus and phrenic nerve.

The Sphere-9 catheter, also known as the Lat-
tice-tip catheter (Affera, Nevada, USA) features
an expandable spherical mesh tip, offering an
effective area ten times larger than traditional
3.5 mm electrodes [26]. Its design enhances
higher energy output while mitigating the risk of
tissue overheating. The spherical ablation elec-
trode is equipped with perfusion micro-holes
and a central reference electrode for both
measurement and ablation purposes, as seen
in Figure 3B. This figure was cited from [26].
Capable of supporting both radiofrequency and
PEF energy modes. In the study by Reddy et al.
on 76 patients confirmed the system’s safety
and efficacy for pulmonary vein isolation and
linear ablation tasks, with RFA/PFA and PFA/
PFA strategies demonstrating solid acute effica-
cy and safety profiles [27].

The PulseSelect ablation electrode (Medtron-
ic, Minneapolis, USA) features a catheter
head with extend able electrodes forming a
“disc-like” shape, 25 mm in diameter, where
odd-numbered electrodes act as positive and
even-numbered as negative [28]. The design,
which includes a 20° forward tilt for ease of
use, as shown in Figure 3C. This figure was cit-
ed from [28]. Stewart et al. carried out ablation
experiments on pig hearts, showing that PFA ef-
fectively reduced local electrogram amplitudes
and produced durable effects in AF treatment,
surpassing RFA in lesion healing smoothness,
without affecting surrounding tissues [29]. In
a clinical study by Verma et al., all 38 patients
achieved intraoperative PVI safely with the PFA
system [30].

The FARAWAVE ablation electrode, also known
as the petal-type ablation electrode (FARA-
PULSE, Menlo Park, USA), uses a 12 F diam-
eter design with 5 petal-shaped semi-rings,
each containing 4 electrodes, presenting a
basket-like structure when not fully expanded
and a petal shape upon expansion., as shown
in Figure 3D. This figure was cited from [31].
Reddy et al. evaluated its use in PFA for PVl and
treating atrial flutter in 121 patients, highlight-
ing PFA’s rapid PVI achievement and low safety
event rate (1.2%), with no observed pulmonary
vein stenosis or damage to adjacent structures
[32, 33].

Emerging insights on PFA in AF treatment

Reddy et al. pioneered the application of PFA in
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treating atrial fibrillation in humans, detailing
a study involving 22 patients [34]. Fifteen pa-
tients received endocardial PFA under general
anesthesia, utilizing a petal-style electrode
catheter guided to the pulmonary vein ostia
with intracardiac ultrasound and fluoroscopy.
This initial foray reported a 100% success
rate in pulmonary vein isolation (PVI) via the
endocardial route, with an 87.5% success rate
for epicardial route ablations, without adverse
events like malignant arrhythmias or ventricular
dysfunction. Notably, right-side nerve function
remained intact post-ablation.

A subsequent study of 81 patients, employing
bipolar voltages between 1800 and 2000 V
and unipolar voltages between 900 and 1000
V, recorded no acute adverse events, showcas-
ing PFA’'s swift ablation and minimal fluoros-
copy time. Three-month follow-up electrophys-
iological exams confirmed a 100% success
rate in achieving circumferential PVI, with no
significant damage to nerves or the esophagus,
underscoring PFA’s durability and safety [33].

More recently, Reddy et al. explored PFA’s long-
term efficacy in a trial with 121 patients, reveal-
ing a one-year atrial arrhythmia recurrence rate
between 78.5%+3.8% and 84.5%+5.4% for the
optimized PFA energy group, indicating effec-
tive long-term PVI and AF treatment [32].

Another innovative study utilized the Lattice-tip
catheter for complex ablation treatments in
76 patients, incorporating both RFA and PFA
[27]. Preliminary findings suggested enhanced
treatment efficacy and reduced fluoroscopy
time, with no perioperative device-related com-
plications. Importantly, no thermal injury to the
esophagus was observed, affirming PFA's safe-

ty.

While initial findings are promising, further re-
search and long-term follow-up are essential
to fully assess the clinical effectiveness and
patient outcomes of PFA in treating AF. Future
studies are critical for evaluating the sustained
efficacy and therapeutic benefits of this com-
bined treatment strategy, providing deeper in-
sights into arrhythmia treatment.

Conclusion

PFA represents a burgeoning technology in the
treatment of AF, showing considerable promise.
Its distinct advantage lies in its targeted dis-
ruption of atrial myocardial cells, significantly
reducing the risk of pulmonary vein stenosis
and sparing adjacent structures such as the
esophagus, autonomic nervous system, and
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coronary arteries. Both animal studies and ear-
ly clinical trials have attested to its viability and
safety. Yet, the nascent state of current clinical
research, characterized by limited sample siz-
es and brief follow-up durations, necessitates
further investigation to corroborate and refine
PFA’s efficacy.

The success of PFA is contingent upon a mul-
titude of factors, including voltage strength,
pulse width, frequency, waveform, field intensi-
ty, and the pulse’s vector direction, all of which
influence the procedure’s reach and impact.
Therefore, identifying the optimal parameter
configuration for specific clinical scenarios
remains an area ripe for exploration. As med-
ical device technology progresses, future evi-
dence-based research is anticipated to bolster
PFA’s role in cardiac ablation, offering a more
accurate and safer option for cardiac arrhyth-
mia treatment.
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Highlights

* The article provides an overview of vibration sensors and their use in medical applications.

¢ Vibration sensors are used to monitor human movement, such as gait analysis and they can provide valuable
data for assessing mobility, balance, and detecting abnormalities in movement patterns.

e The article explores how vibration sensors are integrated into wearable health devices, and these devices can
monitor vital signs such as heart rate, respiratory rate, and sleep quality, providing continuous health monitoring,

Abstract

Recently, vibration sensors, initially confined to industrial use, have emerged as pivotal tools in medical practice.
This article delves into their myriad applications within healthcare, underscoring their potential to reshape patient
care paradigms. From wearable gadgets to cutting-edge medical equipment, the incorporation of vibration sen-
sors holds promises to redefine patient monitoring, diagnostics, and therapeutic strategies. By integrating these
sensors, healthcare professionals gain novel insights into physiological dynamics, ultimately improving patient
outcomes. The integration of vibration sensors into medical practice not only enhances the accuracy and efficien-
cy of health monitoring and diagnostics but also opens up new avenues for personalized medicine. As these tech-
nologies continue to evolve, they hold the promise of transforming healthcare delivery, making it more responsive,

proactive, and patient-centric.

Keywords: Sensor, medical, therapeutic, diagnostics, application

Introduction

The incorporation of vibration sensors into
medical devices represents a profound ad-
vancement in healthcare technology, ushering
in a new era of innovation and capabilities [1].
Traditionally, vibration sensors have been pri-
marily used in industrial applications, where
they are utilized for detecting machinery faults
and assessing structural integrity [2, 3]. How-
ever, the integration of these sensors into the
healthcare domain signifies a significant shift
from their conventional usage. This transforma-
tion marks a transformation in the pattern of
technology application in medical field, opening
up new avenues for improving patient care and
advancing diagnostic capabilities [4-6].

One of the most notable developments in the
utilization of vibration sensors in healthcare is

their role in real-time monitoring and interpre-
tation of physiological signals [7]. Previously, vi-
bration sensors were confined to detecting me-
chanical vibrations in machinery, and now they
are capable of capturing and analyzing subtle
vibrations generated by physiological process-
es within the human body. These sensors can
detect and measure a wide range of physio-
logical events, including heartbeats, muscle
contractions, respiratory movements, and even
micro-movements associated with neurological
activity [7].

The innovative applications of vibration sensors
in healthcare are multifaceted and diverse.
Wearable devices equipped with vibration sen-
sors have emerged as powerful tools for the
continuous, real-time monitoring of vital signs
and physiological parameters [8-10]. These de-
vices can track various metrics such as heart

Address correspondence to: Zine Ghemari, Electrical Engineering Department, Mohamed Boudiaf University of
M’sila, P.O. Box 166, Ichbilya - M'Sila 28000, Algeria. E-mail: ghemari-zine@live.fr.
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Table 1. Simulation parameters used to simulate
heart rate

Define parameters Values
Sampling Frequency (Hz) 100
Number of samples 1,000

Simulate sensor data

Baseline heart rate (beats 75
per minute)
Standard deviation 5

Add noise to simulate variability
Noise amplitude (um) 5

Simulated heart rate data

Heart rate (bpm)
~ (o] [o:] (e} [{}
(4] o (3] o (3]

~i
o

[
3]
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o
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Figure 1. Simulated heart rate. bpm, beat per
minute.

rate, respiratory rate, and activity levels, provid-
ing valuable insights into the wearer’s health
status and facilitating early detection of abnor-
malities or deviations from baseline values. Fur-
thermore, vibration sensors can be integrated
into medical implants or prosthetics to monitor
their performance and functionality, ensuring
optimal patient outcomes and enhancing the
overall quality of care [11-13].

The integration of vibration sensors into medi-
cal devices holds immense potential for revolu-
tionizing medical diagnostics and patient care.
By enabling the collection of real-time physio-
logical data, these sensors empower health-
care professionals with valuable information
for making informed decisions and providing
personalized treatment approaches [14-19].
The continuous monitoring capabilities of vibra-
tion sensors enable proactive healthcare inter-
ventions, allowing for early detection of health
issues and timely interventions to prevent com-
plications. Moreover, the data obtained from vi-
bration sensors can be leveraged for advanced
analytics and predictive modeling, facilitating
the development of innovative diagnostic tools
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and treatment strategies [20].

This article summarizes the diverse applica-
tions of vibration sensors in healthcare, em-
phasizing their capacity to revolutionize patient
care methodologies. From wearable devices to
state-of-the-art medical apparatus, the integra-
tion of vibration sensors holds the promise of
revolutionizing patient monitoring, diagnostics,
and therapeutic approaches. Through the uti-
lization of these sensors, healthcare providers
stand to acquire fresh perspectives on physio-
logical dynamics, culminating in improved pa-
tient outcomes.

Wearable health monitoring devices

Vibration sensors play a pivotal role in the
development of wearable health monitoring
devices. These sensors, when integrated into
wearable gadgets, can capture subtle vibra-
tions associated with physiological processes.
The ability to monitor parameters such as heart
rate, respiratory rate, and even muscle contrac-
tions provides a non-intrusive and continuous
method for tracking health metrics [21].

Overall, the goal of creating a MATLAB program
is to facilitate the development and testing of
algorithms for wearable health monitoring ap-
plications. It allows researchers and developers
to experiment with different data processing
techniques, evaluate algorithm performance,
and explore potential insights derived from sen-
sor data.

To simulate different heart rate patterns or
incorporate more sophisticated models in MAT-
LAB, we use the parameters presented in Table
1, and the simulation results are shown in Fig-
ure 1.

Figure 1 provides a visual representation of
simulated heart rate measurements, aiding
in the interpretation and analysis of cardio-
vascular activity. The horizontal axis typically
represents time. Each point or interval along
the axis corresponds to a specific period, such
as seconds, minutes, or hours. The vertical axis
indicates heart rate values. It measures the
frequency of heartbeats per unit of time, usu-
ally expressed in beats per minute or another
appropriate unit. The line or plot in the graph
represents the simulated heart rate data. Each
point on the plot corresponds to a heart rate
measurement recorded at a specific time. The
pattern of the line reflects changes in heart
rate over time.

The plot can reveal trends or patterns in the
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Table 2. Simulation parameters used to simulate
respiratory rate

Define parameters Values
Sampling frequency (Hz) 1
Number of samples 3,600
Patient vital sign
Heart rate mean (beats per minute) 75
Standard deviation 5
Respiratory rate mean (beats per min- 12
ute)
Respiratory rate standard deviation 2

(beats per minute)

20

5
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Simulated respiratory rate data
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Figure 2. Simulated respiratory rate data.

simulated heart rate data, such as fluctuations
in heart rate, periodic variations, or sudden
changes indicative of physiological responses
or abnormalities.

Researchers or healthcare professionals can
analyze the simulated heart rate data to gain
insights into cardiovascular health, monitor
changes over time, or assess the effects of in-
terventions. This analysis may involve identify-
ing peak heart rates, calculating average heart
rate values, or detecting irregularities in the
heart rate pattern.

Remote patient monitoring

In the era of telemedicine, remote patient
monitoring has become increasingly prevalent.
Vibration sensors enhance this practice by
enabling the collection of relevant health data
without physical contact. From monitoring trem-
ors in neurodegenerative disorders to assess-
ing respiratory patterns in chronic conditions,
remote patient monitoring with vibration sen-
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sors extends the reach of healthcare services
[22].

Overall, creating a MATLAB program for re-
mote patient monitoring involves generating
synthetic patient data, processing the data to
extract meaningful information, and visualiz-
ing the results to facilitate interpretation and
decision-making by healthcare providers. The
basic example below serves as a foundational
step for developing more advanced monitoring
systems that can track and analyze various as-
pects of patient health remotely.

To simulate respiratory rate in MATLAB, we use
the parameters presented in Table 2, and the
simulation results are shown in Figure 2.

Figure 2 represents a graphical depiction of
simulated respiratory rate measurements over
a specific period.

The line or plot in the graph represents the sim-
ulated respiratory rate data. Each point on the
plot corresponds to a respiratory rate measure-
ment recorded at a specific time. The pattern of
the line reflects changes in respiratory rate over
time.

Surgical navigation and robotics

Vibration sensors find their applications in
surgical navigation systems and robotics. By
detecting minute vibrations during surgical pro-
cedures, these sensors provide valuable feed-
back to surgeons [23]. This enhanced precision
is particularly beneficial in delicate surgeries,
contributing to reduced invasiveness and im-
proved postoperative outcomes [23].

Creating a surgical navigation and robotics ap-
plication in MATLAB involves integrating image
processing, control algorithms, and possibly
hardware interfacing. Figure 3 introduces a
basic example demonstrating a simple robotic
arm control system for surgical navigation.

Figure 3 is a simulation of a straightforward
3-link robotic arm controlled to reach a target
position in 3D space using a basic inverse kine-
matics approach. This example can be expand-
ed by integrating more sophisticated control
algorithms, implementing collision detection,
incorporating real-time imaging feedback, or
interfacing with actual robotic hardware for en-
haced surgical precision.

Prosthetics and orthopedics

In the realm of prosthetics and orthopedics, vi-
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Table 3. Simulation parameters used to simulate
forces in prosthetic leg

Define parameters Values
Acceleration due to gravity g (m/s?) 9.81
Mass of the leg (kg) 5
Spring stiffness K (N/m) 1000
Time 0:0.01:5

Surgical robot arm control

0.15 0.3

0.2
0.15
0.1

0.05 X (m)

Y (m) -0.05
Figure 3. Surgical robot arm control.
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Figure 4. Forces in prosthetic leg.

bration sensors contribute to the development
of intelligent devices. These sensors can detect
changes in gait patterns, providing feedback
to users and clinicians. Additionally, they play
a role in monitoring the structural integrity of
prosthetic limbs, ensuring optimal functionality
and user satisfaction [24].

In practice, to incorporate more real-word mod-
els of leg movement and gait patterns for a
more accurate simulation of walking motion.
The following relationship illustrates leg angle
as a function of time (simple harmonic motion):

9 = 1/6 x sin(2xTm xt) (1)
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With:
0: leg angle
t: time (s)

The equation below allows to calculate the
force exerted by the leg on the ground:

Fieg = Mieg X € X COS(6) 2)

With:
Fis: FOrce exerted by the leg (N)
M- Mass of the leg (kg)

We use the following formula to calculate the
force exerted by the prosthetic spring:
F

_kspring x sin (e) (3)

spring =
With:
Feping: FOrce exerted by the prosthetic spring
Kspring: SPring stiffness k (N/m)

Creating a MATLAB program for prosthetics and
orthopedics involves various tasks such as bio-
mechanical modeling, motion analysis, and de-
sign optimization. Below is a basic simulation
result of biomechanical modeling of a simple
leg prosthetic.

To simulate forces in a prosthetic leg in MAT-
LAB, we use the parameters presented in Table
3, and the simulation results are presented in
Figure 4.

Figure 4 illustrates a specific presentation de-
lineating the forces acting on a prosthetic leg.
This visual aid is intended to complement tex-
tual discourse on forces exerted on a prosthetic
leg during various activities.

Viewers or readers can interpret the informa-
tion presented in the figure to gain insights into
the mechanical behavior of prosthetic legs,
potential challenges faced by users, and oppor-
tunities for improving design or rehabilitation
strategies.

Rehabilitation and physical therapy

Vibration sensors are integral to rehabilitation
and physical therapy practices [25]. They assist
in assessing muscle activity, joint movement,
and overall biomechanics during therapeutic
exercises. This data-driven approach enhances
the precision of rehabilitation protocols, leading
to more personalized and effective treatment
plans [26, 27].

The provided example in the context of MATLAB
programming demonstrates a basic framework
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Exercise progression
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Figure 5. Exercise progression.

for exercise prescription and monitoring. It sim-
ulates an exercise session by gradually increas-
ing the joint angle over time, monitoring the
progression of the exercise, and visualizing the
joint angle throughout the session. This basic
example can serve as a foundation for develop-
ing more sophisticated rehabilitation programs
using MATLAB’s capabilities in biomechanical
modeling, data analysis, and feedback integra-
tion (Figure 5).

Based on the assessment results in Figure 5,
clear and achievable goals are established in
collaboration with the individual. Goals may
include improving cardiovascular health, in-
creasing muscular strength and endurance,
enhancing flexibility, weight management, in-
jury prevention, or rehabilitation from injury or
iliness.

A personalized exercise program is developed
to address the individual’'s goals, preferences,
and limitations. The program typically includes
a variety of exercises targeting different muscle
groups and fitness components, such as cardio-
vascular exercise, resistance training, flexibility
exercises, and neuromotor activities.

The principle of progressive overload is applied
to gradually increase the intensity, duration, or
complexity of exercises over time, continually
challenging the body and fostering adaptation
and improvement. Progression may involve
adjusting resistance, repetitions, sets, exercise
frequency, duration, or intensity level.

Conclusion

In conclusion, the incorporation of vibration
sensors into medical devices represents a
transformative shift in healthcare technology,

with extensive implications for the diagno-
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sis, treatment, and management of various
medical conditions. By harnessing the power
of vibration sensors to monitor and interpret
physiological signals, healthcare professionals
can unlock new insights into patient health
and well-being, ultimately leading to improved
outcomes and enhanced quality of care. As the
field continues to evolve, the innovative appli-
cations of vibration sensors are poised to drive
further advancements in medical diagnostics
and patient care, shaping the future of health-
care in profound and impactful ways.

Author Contributions: Z. Ghemari contributed
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draft writing, review and editing of the manu-
script, and supervision.
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