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Chapter 2
Mechanism of Action of Radiofrequency 
Ablation

Farzan Vahedifard, Mark Malinowski, and Krishnan Chakravarthy

 Why Knowing the Mechanism of Radiofrequency 
Is Important?

• Patient: Doctor! How do these RF waves help relieve my pain?
• Doctor: Well, sometimes it destroys your nerves, and most of the time, it doesn’t!
• Patient: So, how does it calm my pain?
• Doctor: “What does not kill you, makes you stronger!”

Radiofrequency (RF) waves are commonly utilized for pain relief in patients. RF 
ablation, or rhizotomy, is a minimally invasive procedure in pain management. RF 
waves ablate the damaged nerves or modulate them, to stop the transmission of pain 
[1]. Understanding the underlying mechanism of RF (ablation- non-ablation) can 
assist physicians to enhance their pain management practice and also better inform 
their patients.

Since RF ablation involves an electrical device, electrodes, and frequencies in 
RF, we need to understand how they affect the patient’s pain in order to enhance and 
optimize pain treatment. This basic mechanism helps us prevent unnecessary dam-
age or ablation to the nerves, to decrease complications. By knowing the mechanism 
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of electromagnetic stimulation more precisely, we can better perform the patient 
selection for RF, which improves the pain management outcome [2].

This knowledge also helps us design clinical trials in pain management via RF 
and combination therapies (different types of RF, RF adjunct therapy, etc.). Since  
we have limitations in designing pain management trials, and the ablation is some-
times irreversible, the design of complex pain studies based on RF’s primary mech-
anism is immensely valuable.

Although several studies have been performed on RF ablation, there is no general 
overview of different aspects of RF ablation in the literature. Accordingly, this chap-
ter aims to provide a comprehensive review of various aspects of RF ablation, 
including the underlying phenomena, fundamental mechanisms, and areas of need 
for future studies.

Before explaining the specific effects of RF in pain relief, we must first describe 
the neurological basis of nerve injury, the physics of RF, and then the physiology 
of pain.

 Review of the Neurological Base of Nerve Injury

The nervous system is divided into peripheral and central systems, and neurons are 
its building blocks. Each neuron is comprised of a dendrite (receptor), a cell body 
(containing the nucleus), and an axon that leads to axonal terminals. The axon is 
surrounded by myelin, a lipoprotein, which speeds up impulse transmission along 
the axon. “Ranvier nodes,” located at intervals of the myelin membrane and along 
the axon, increase nerve conduction velocity (Fig. 2.1).

In addition to neurons, other supporting cells, such as microglia, oligodendrog-
lia, and Schwann cells, play specific roles in the nervous system. Microglia is a 
cellular macrophage that becomes more activated in response to injury. Myelin is 

Fig. 2.1 Structure of a 
neuron
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made by Schwann cells in the PNS and by oligodendrocytes in the CNS. Schwann 
cell myelinate each axon separately and plays a vital role in neuron regeneration.

Nerve fibers are divided according to their size as well as whether or not they 
have myelin [3]:

 1. A-alpha fibers: The largest nerve fiber, with 6–15 microns in diameter. They are 
myelinated, transmitting sense of touch, vibration, and position.

 2. A-delta fibers: small, with a size of 3–5 microns in diameter, transmitting the 
sense of cold and pain.

 3. C fibers: small, with a size of 0.5–2 microns, transmitting the sense of warmth 
and pain.

There are various nerve terminals with particular usage, including free nerve 
endings, Meissner’s Corpuscles, Pacinian Corpuscles, and Merkel’s disks. Pain ter-
minals mainly contain C and A-delta.

In addition to axons and myelin, there are various membranes within the struc-
ture of a peripheral nerve [4]. These structures are in order from smallest to largest 
as follows (Fig. 2.2):

 1. Endoneurium: surrounds myelinated axons and groups of unmyelinated axons.
 2. Perineurium: surrounds the fascicles (a set of axons)
 3. Epineurium: the outermost layer that surrounds the nerve trunk

Nerve damage has a different prognosis depending on the injury’s location and 
can cause sensory damage or weakness. According to the Seddon classification 
described for the degree of damage to peripheral nerves, these injuries listed below 
range from mild to severe [5] (Fig. 2.3):

Fig. 2.2 Membranes of 
individual spinal nerve
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 1. Neurapraxia: The mildest damage, which is a focal demyelination, and the axon 
is temporarily nonfunctional, but without structural damage. The distal axon to 
damage is intact, and its continuity is maintained. Wallerian degeneration 
(degeneration of a nerve’s distal aspects after the injury to the cell body or 
proximal portion of the axon, anterograde or orthograde degeneration) did not 
occur, and recovery was excellent (about 3–6  months). Examples of neura-
praxia are “Saturday night radial nerve palsy” and “leg-crossing peroneal 
nerve palsy.”

 2. Axonotmesis: Grade 2 damage, where both myelin and axons are damaged, but 
the endoneurium and perineurium remain intact. Complete peripheral degenera-
tion occurs, but the sheath and its supporting connective tissues are spared. 
Fragmentation of the axon and its myelin sheath can be observed.

 3. Neurotmesis: Cutting, third-degree damage, which is a complete neural separa-
tion. The epineurium and most connective tissue are lost.

There is another classification for nerve damage by Sunderland that was done to 
better understand spontaneous regeneration [6]. Sunderland divided the axonotme-
sis into three subcategories: second, third, and fourth degrees of peripheral nerve 
injury (PNI).

 – Second-degree PNI: Axonal discontinuity occurs, but the endoneurium, fascicu-
lar arrangement, and perineurium remain intact.

 – Third-degree PNI: Myelin, axon, and endoneurium are disrupted, but fascicular 
arrangement and perineurium remain intact.

 – Fourth-degree PNI: Only the epineurium remains intact.

Fig. 2.3 Seddon 
classification for 
PNI. (Modified from 
Neurology of Boards and 
Beyond, Jason Ryan, 2019)

F. Vahedifard et al.



11

 Physics of Radiofrequency

Electromagnetic (EM) spectrums are a continuous spectrum of frequencies. These 
waves are made up of a combination of electric and magnetic fields oriented at 90 ° 
to each other.

This spectrum includes radio waves, infrared radiation, the visible spectrum, 
ultraviolet radiation, x-rays, and gamma-rays in the increasing order of frequency. 
Radio waves are at the beginning of this spectrum and include a range of 3 Hz to 
300 GHz.

All EM waves (including RF) have the same physics, but their effects on the 
target tissue vary depending on their frequency and type of tissue. This difference 
can be used to design several therapeutic frequencies in distinct target tissues 
(nerves, joints, intervertebral disc).

Overall, we need a circuit to apply RF ablation (Fig. 2.4). In this circuit, the RF 
electrode acts as a cathode, and the pads attached to the patient’s body act as an 
anode. The current as applied by the RF generator is transmitted from the cathode 
to the anode. The patient’s tissue is the therapeutic target, and subsequently, tissue 
conductivity in this circuit is crucial for energy transfer and ablation zone 
determination.

We have a high-energy influx around the electrode’s tip due to its small cross 
section, and this energy is minimized as we move toward the pads. Therefore, most 
tissue damage has occurred around the cathode, and it is vital to select the appropri-
ate location for the target.

In general, RF-induced interactions lead to heat production, which causes coagu-
lation necrosis and tissue destruction, thereby relieving pain or burning the painful 
nerve [8]. Nevertheless, a few practical points in the RF mechanism are essential:

 1. Physics point of view: The RF electrode does not generate heat. The alternating 
EM field generated by the electrode creates an intense agitation in the adjusting 

Fig. 2.4 Circuit of 
RF. (Modified from Hong 
et al. [7])
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molecules directly adjacent to the cathode. The molecules’ vibration also moves 
the next adjacent molecules in the direction of the applied RF current. Frictional 
energy lost in these molecules causes an increase in temperature and, conse-
quently, coagulation necrosis in the tissue.

 2. The farther away from the RF cathode and the energy source, the less heat is 
generated in the molecules, and subsequently less tissue necrosis occurs 
(Fig. 2.5). Goldberg [9] formulates the amount of thermal lesion created by RF:

 

Development of a thermal lesion inducedcoagulation necrosis=
= eenergydeposited local tissue interactions

heat loss
∗( )

– .  

 3. In general, mammalian tissue is sensitive to heat. If heat is applied in a shorter 
time and with more intensity, more damage will be done. At 55 degrees, tissue 
destruction occurs in these tissues within 2 seconds, and at 100 degrees, evapora-
tion and instantaneous death occur. At temperatures above 105 degrees, we will 
see boiling, evaporation, and carbonization.

Fig. 2.5 RF cathode and 
its energy source. 
(Modified from Hong 
et al. [7])
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If too much heat is applied to a tissue in a short time, it desiccates (becomes 
charred). Figure 2.5 shows the time needed for tissue death at various temperatures. 
Since the tissue adjacent to the electrode acts as the primary source of heat genera-
tion and transfer, it becomes a sleeve around the cathode and cannot transfer the 
generated energy if desiccated. This causes the ablation zone to become smaller, 
which is not desirable for treatment.

Therefore, in order to achieve a confident ablation zone, we must give the appro-
priate frequency at the desired time (e.g., raise each of the temperatures to 50–100 
degrees, in 4–6 minutes).

 Different Applications of Radiofrequency

There are several types of RF (thermal, pulsed, cooled), which will be discussed in 
more detail in the next chapter. However, in order to better understand the mecha-
nism of action of RF types, we will give a brief explanation on how they work.

 Thermal

In thermal (or conventional, continuous) RFA, a high-frequency current (500 kHz), 
creating a high temperature, leads to stimulation and ablation in the target tissue. 
Most CRFs use high temperatures of 60 C and 90 C for 90–120 seconds in clinical 
procedures, and we know that tissue destruction occurs at this temperature, which is 
the purpose of CRF [10, 11]. The severity of the lesion caused by CRF depends on 
the tissue temperature, the size of the electrode, and the length of time within which 
the procedure is performed.

In pain management, this heat causes a neurodestructive lesion in the small nerve 
and relieves the pain. The RF generator causes coagulation necrosis around the tip 
of the cannula by creating an alternating current [7]. The lesion is spherical, and its 
long axis is   along the cannula tip. For this reason, the cannula must be parallel to the 
target nerve. Because the lesion is severely reduced by distance from the tip of the 
cannula [12], the lesions created by CRF are well circumscribed than other abla-
tions (such as chemical neurolysis).

 Pulsed

Pulsed RF, unlike CRF, is a nondestructive method that has been used extensively in 
pain management due to its minimizing nerve damage. Current in PRF is applied as 
high frequency but in short pulses, to the sensory nerve, joint, DRG, disc, etc. PRF 
pulses are given for a longer duration than continuous RFA, in repetitive intervals [1]. 

2 Mechanism of Action of Radiofrequency Ablation
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This generated electric field modulates pain signal, gene expression, and other reliev-
ing effects.

The PRF current is usually short (20 ms) and has a high-voltage burst (ampli-
tude 45v), and then a silent phase (480  ms) occurs [13]. During the pulse, the 
oscillating frequency is 420 kHz. Intermittent pulses and long silent phase between 
pulses lead to heat reduction and keep the temperature below 42 degrees [14]. 
Consequently, tissue destruction does not occur, and complications such as neuri-
tis, motor dysfunction, and deafferentation pain will be decreased [15, 16]. 
Although some mild damage around the PRF electrode has recently been reported, 
its effect is not clinically significant and detectable, and overall, PRF appears to 
be safe.

 Cryoablation

Cooled radiofrequency ablation (CRFA) is a newer type of RFA that solves some of 
the problems of its predecessors, has a higher safety profile, and possesses long- 
term efficiency.

The difference between CRFA and other types of RFA (pulsed and thermal) is 
that it creates a larger local neuronal lesion [17]. Larger lesions increase the likeli-
hood of successful treatment, especially if we have physiological variability of 
nerve location or complex innervation (like the knee).

But what is the mechanism of this difference in the size of the lesion? Traditional 
RFA probes operate at a set temperature of 80 degrees, and as described earlier, 
higher temperatures cause rapid burning of adjacent tissue and insufficient energy 
transfer to other tissues for larger ablation zones. However, in cooled RFA, water 
circulates about the RF probe and reduces its heat. Therefore, these internally cooled 
probes operate at 60 degrees set (20 degrees lower than traditional types), bringing 
the surrounding tissue heat to about 60 degrees. So, it causes more energy to be 
transferred in peripheral. The size of the lesion will be larger and deeper, and the 
pain relief will last longer [18].

 Mechanism of Action of Radiofrequency

In this section, we describe the analgesic effects of different types of RF. It is note-
worthy that despite numerous clinical studies on the effectiveness of RF types in 
pain management, the mechanism of action is still not generally agreed upon. This 
is especially true in the pulsed type.

Since the mechanisms proposed for RF in the treatment of pain are varied, we 
classified them based on the distinct factors for a better explanation. We also 
introduced the relevant gap of knowledge at the end of each section for further 
research.

F. Vahedifard et al.
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 Ablation Mechanism of Radiofrequency

Various chemical and physical methods (including thermal and electromagnetic) for 
ablation and resection/removal of innervation exist. In the thermal type, RF and 
cooled RF act mostly through the ablation mechanism, unlike pulsed RF, which 
leaves no damage or its destruction is negligible [1].

Nerve ablation disrupts axonal continuity. As a consequence of ablation, the dis-
tal nerve fibers to the lesion degenerate, a phenomenon called Wallerian degenera-
tion. Wallerian degeneration causes a temporary interruption in a nerve cell, which 
causes a nociceptive block [19].

This nerve ablation only causes sensory or sympathetic degeneration, leaving no 
motor damage. According to the Sunderland classification, neural ablation causes 
third degree of peripheral nerve injury (PNI). In this type of injury, the axons, 
myelin, and endoneurium are damaged, but the rest of the neuron layers remain intact.

 Nerve Regeneration and Pain Recurrence

Wallerian degeneration does not entirely interrupt the nerve cell, and it leaves the 
Schwann cell spared. Therefore, these Schwann cells allow the regeneration of 
axons in peripheral nerves. This nerve regeneration is suitable for patients with 
nerve damage, but in nerve ablation that we do in pain management, it is not desir-
able and causes the recurrence of pain that requires further procedures.

Nerve repair can begin very quickly after injury (30 minutes after). Its three main 
mechanisms are:

 1. Remyelination
 2. Sprout from the remaining healthy axons as lateral branches (especially in cases 

where less than 20% of the axons are damaged)
 3. Regeneration (especially in cases where more than 90% of axons are damaged) [20].

Schwann cells play a consequential role in nerve regeneration. They increase the 
synthesis of surface cell adhesion molecules (CAM) and prepare the basement 
membrane to regenerate. The NGF (nerve growth factor) receptors are increased on 
Schwann cells, causing sprouts and regeneration of axons [1].

 Non-ablative Mechanisms of Radiofrequency

As mentioned, pulsed RF works in ways other than ablation. It has been shown that 
pain relief effect in thermal and pulsed RF in DRF stimulation is similar, without 
pulsed leaving a destructive lesion. Such studies have shown that the effect of pulsed 
RF is independent of the development of destructive lesions.

Table 2.1 described the non-ablative mechanism of RF.

2 Mechanism of Action of Radiofrequency Ablation
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 Electromagnetic Fields

Most studies on the analgesic effect of PRF have focused on its neuromodulatory 
effect from its electromagnetic field [21]. PRF alters ynaptic transmission as well as 
neuron-specific gene expression thereby creating an alternating electrical field. The 
electromagnetic field created in PRF is a rapid electrical pulsation and has its 
intended biological effect on the target and the nerve [8, 22]. A popular theory for 
the mechanism of action of PRF is that it is a low electric field phenomenon that can 
induce long-term depression of synaptic transmission [23, 24].

Electromagnetic stimulation creates an electrical disruption for the transmission 
of sensory transitions, probably similar to the mechanism proposed in gate control 
theory [25]. This electric field disrupts the transmission of impulses in small, un- 
myelinated neurons, without destroying them. Interestingly, larger myelin-protected 
neurons remain unaffected.

Although pulsed-RF and continuous-RF follow basic physical principles, they 
differ in the space, time, and strength of the field that they create. PRF creates a 
stronger electric field than CRF, although the temperature generated and its 
destructive effect are far less. Tissue change by a strong electric field creates a 
more specific effect than heat energy. This electric field causes changes in tissue 
and charged molecular structures, causing them to distort, dislocate, and move [26].

 Disrupt and Modulate Pain Signal Transmission Via 
Nerve Fibers

The electric field created by PRF around the sensory nerves can reduce the conduc-
tion of pain signals through the nerve fibers. PRF enhances various descending nor-
adrenergic and serotonergic inhibitory pathways and performs its pain modulation 
[27]. In addition, electron microscopic studies show minor damage to the axonal 
microfilaments and the microtubules of pain-transmitting fibers after PRF. These 
changes were selectively observed, especially in smaller principal sensory neural 
fibers C and Ad, and less in larger non-pain-related sensory fibers, such as Aβ fibers 
[28]. The ultimate goal is to provide pain relief by selectively blocking the fibers 
that carry nociceptive signals from the joint or painful site.

For example, PRF can have several different analgesic effects [29]:

 1. Directly activate DRG or spinal cord cells
 2. Minimize microglial activity
 3. Enhancement of endogenous opioids, which inhibit the incoming nocicep-

tive signal
 4. Inhibit the retrograde transport of neurotrophins in the posterior horn

The above items, as well as more theories, will be discussed later.

F. Vahedifard et al.
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Table 2.1 Non-ablative mechanism of RF

Types of mechanism Mechanism of action of RF

1. Electromagnetic fields Neuromodulatory effect
2. Modulate pain signal transmission Reduces the conduction of pain signals through the nerve 

fibers
3. Microglia activation Morphological change + change in releasing various 

cytokines and chemokines involved in pain signaling
4. Gene expression Alternation of gene expression involved in pain
5. C-Fos
(an immediate-early gene used as an 
indirect marker of neuronal activity)

Alters C fiber transmission associated with greater c-Fos 
expression in the dorsal horn

6. MET-encephalin
(an endogenous opioids)

Increases the amount of M-ENK in the spinal cord to 
regulate nociceptive pain

7. TNF-α, IL-6, IL-1 Alter immune cells
Reduce the expression of proinflammatory cytokines
Relieve neuropathic pain by attenuating 
neuroinflammation

8. Calcitonin gene-related peptide
(a neuropeptide)

Breaks the pain cycle by inhibiting CGRP expression, 
changes in the nociception transduction pathway

9. Activating translation factor 3
(a marker of cellular stress, 
increases in neurons and glial cells 
after axotomy)

Extension of PRF exposure times did not increase the 
antiallodynic effect but could also have neurolytic effects

10. Neurotransmitter: BDNF, PI3K, 
and p-ERK
(released in the spinal cord in a 
microglia- dependent manner, 
developing chronic pain and pain 
sensitization)

PRF to DRG can reduce neuropathic pain by suppressing 
microglia and downregulated levels of them

11. Excitatory amino acids released 
in the spinal cord (in a microglia-
dependent manner, developing 
chronic pain and pain sensitization)

Reduce inflammatory pain with spinal dorsal horn 
modulation; suppress EAAs-citrulline release and alter 
glutamate receptor

12. Regenerative mechanism The electrical stimulation can increase chondrocyte 
proliferation and matrix synthesis; increase DNA 
synthesis and increase GAG   proliferation and synthesis in 
human cartilage

13. IGF-2
(a protein involved in prenatal 
growth and development)

This effect of immediate PRF is achieved through the 
downregulation of IGF 2

14. Cellular and histological 
changes in RA

PRF: Changes in mitochondrial membranes and 
appearance, disorganized microfilaments and 
microtubules
CRF: Changes such as mitochondrial degeneration and 
loss of nuclear membrane integrity

2 Mechanism of Action of Radiofrequency Ablation
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 Microglia Activation

Microglia are macrophages of the central nervous system, which respond to patho-
logical stimuli or anything disruptive of homeostasis [30]. After the damage to the 
nervous system, microglia are among the first cells to become activated and will 
remain so for several weeks. They switch to the active state with a series of cellular 
and molecular changes. These changes include morphological hypertrophy, prolif-
eration, upregulated various genes, and increased expression of microglia character-
istic markers, such as ionized calcium-binding adapter molecule 1 (Iba1) [31]. 
Considerable evidence has confirmed the critical role of spinal microglia in neuro-
pathic pain. Behavioral pain responses are seen with a glial response at the dorsal 
horn [32].

By releasing various cytokines and chemokines involved in pain signaling, 
microglia play a substantial role in the development of chronic neuropathic pain, 
pain hypersensitization, and long-persistent pain [33]: Therefore, the downregula-
tion of microglia can prevent the progression of chronic neuropathic pain. For 
example, intrathecal injection of microglia inhibitors has shown a significant impact 
on analgesic efficacy [34].

It has been reported that PRF application to DRG in rats with lumbar disc hernia-
tion may reduce microglia activity in the dorsal spinal horn [35]. Furthermore, the 
PRF application on DRG of rat models with neuropathic pain showed that the estab-
lished mechanical hypersensitivity was relieved and the microglial activity in the 
spinal dorsal horn was strongly attenuated [36].

Mechanical allodynia and thermal hyperalgesia improved up to 14 days after a 
single PRF stimulation, associated with a significant reduction in Iba1 expression. 
PRF can suppress microglial activity, thereby creating nociceptive relief [37].

 Gene Expression

One of the mechanisms of pulsed RF in pain management is its neuromodulatory 
effect, primarily through the alternation of gene expression, which will be described 
in the following items.

 C-Fos

Neurophysiological studies have shown that PRF alters pain signaling at nerve syn-
apses and induces electroporation [24]. RF-induced electromagnetic field alters C 
fiber transmission associated with greater c-Fos expression in the dorsal horn [38]. 
The c-Fos is an immediate-early gene used as an indirect marker of neuronal activ-
ity. C-Fos is most often expressed when neurons fire an action potential [39]. 

F. Vahedifard et al.
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Increased expression of c-Fos has been suggested to activate some pain inhibitory 
mechanisms.

The formation and expression of c-Fos in the lamina during PRF treatment is one 
of its neuromodulation effects [23, 40]. In the study of Higuchi et al., pulsed RF was 
given to rat cervical DRG at 38 °C. Subsequently, c-Fos immunoreactivity in the 
superficial lamina [1 and 2] in the dorsal horn increased [41]. The formation of the 
c-Fos gene leads to the proliferation of a second messenger RNA and the production 
of a substance called pre-pro-dynorphin. The pre-pro-dynorphin belongs to the 
group of endogenous opioids and can increase endorphin production [42].

In confirmation of the above, it has been proven that antinociceptive effects are 
also applied in pulsed RF by enhancing pain inhibitory pathways. These pathways 
include the serotonergic, noradrenergic, and endogenous opioid pathways.

For more research: In most studies (such as Higuchi), elevated c-Fos was seen 
only in the pulsed-RF-treated group, not in animals treated with continued RF [41]; 
however, in some studies, this increase in c-Fos was seen in both CRF and PRF [43]. 
So, proving that this effect is only limited to pulsed RF or can be seen in continuous 
RF requires further study. In more recent studies, the causal relationship between 
the therapeutic effect of PRF and the increase in c-Fos has been questioned. More 
molecular evidence and more controlled studies are needed to prove this.

 M-ENK

MET-encephalin is a peptide and neurotransmitter found in spinal cord neurons. 
M-ENK belongs to the endogenous opioid group, and its intravascular injection has 
not shown analgesic effects in either humans or rats [44]. It has generally been sug-
gested that endogenous M-ENK expression is one of the mechanisms of the analge-
sic effect of RPF, similar to what occurs in spinal cord stimulation.

Various experiments in neuropathic pain have shown the analgesic effect of RPF 
on mechanical hypersensitivity, one of which is through the internal opioid path-
ways. A study in which PRF was applied to DRG revealed that the level of M-ENK 
in the dorsal horn of spinal cord was significantly elevated, indicating the effect of 
PRF on the CNS. At the same time, the mechanical threshold value in these rats had 
increased. This coincidence indicated that the application of PRF to the DRG 
reduces mechanical hypersensitivity, and it does so by modulating M-ENK expres-
sion in the dorsal horn in the spinal cord.

So, PRF could activate the endogenous analgesia system through nerve conduc-
tion in the spinal cord. This process increases the amount of M-ENK in the spinal 
cord to regulate nociceptive pain through synaptic mechanisms [45].

By the interaction of encephalin and opioid receptors on the cell surface, intra-
cellular signal pathways are activated, an action which results in several conclu-
sions: [1] Opioid receptors and membrane binding inhibitory channel are activated, 
and [2] opioid receptors connect to ion channels such as mu, delta, and kappa, 
which eventually inhibit neuronal excitability.

2 Mechanism of Action of Radiofrequency Ablation
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 TNF-α, IL-6, IL-1

One of the mechanisms of PRF neuromodulation is by reducing the expression of 
proinflammatory cytokines, such as TNF-α, IL-6, and IL-1. Proinflammatory cyto-
kines are increased after nerve damage. For example, TNF-α has been shown to play 
a role as a pain modulation factor in the development and maintenance of neuro-
pathic pain. TNF-α levels in the glial cell and nerve cell body also increase after 
chronic constriction injury (CCI)-induced neuropathic pain [46].

The properties of nerve roots in neuropathy are also closely related to cytokines 
such as TNF-α and COX-2. TNF-α induces the production of inflammatory neuro-
peptides (such as inflammatory neuropeptides) or increases their release from the 
dorsal horn [47].

The electric field generated in PRF, with its immunomodulatory effect, can alter 
immune cells and normalize the production of inflammatory cytokines [48]. In one 
study, 7 days after PRF stimulation on the spinal cord and sciatic nerve, the TNF-α 
immunoreactivity was decreased; additionally, mechanical allodynia and thermal 
hyperalgesia were improved. This study showed that PRF could relieve neuropathic 
pain by attenuating neuroinflammation at the molecular level [49].

It has also been shown that electric field therapy can induce the upregulation of 
adenosine A2A receptor density in human neutrophils. This upregulation appears to 
be associated with inhibition of catabolic cytokines such as TNF-α, IL-6, and IL-8 
[49, 50]. The PRF electromagnetic field modulates and relieves pain neuroinflam-
matory conditions in two general ways:

 1. Decreased expression of proinflammatory cytokine genes, such as TNF-α, IL-6, 
and IL-1

 2. Increased expression of anti-inflammatory cytokine genes, such as GABAB-R1, 
Na/K ATPase, and 5-HT3r [2].

For future studies, it is suggested that the mechanism of injury-induced gene 
expression of neuroinflammatory conditions be investigated.

 Calcitonin Gene-Related Peptide

One of the recently described ways for the analgesic effect of PRF is modulation in 
the expression of calcitonin gene-related peptide (CGRP) in the pain transmission 
pathway. CGRP is a 37-amino acid neuropeptide found in humans and rats [51]. 
CRGP plays a crucial role in transmitting synaptic pain information and uses two 
second-messenger pathways: protein-kinase-A along and protein-kinase-C. CGRP 
is also effective in creating and maintaining allodynia and hyperpathia [52].

CGRP is mainly synthesized in DRG, where primary sensory neurons are pro-
jected into the spinal dorsal horn. When peripheral nerve damage occurs, the spinal 
dorsal horn begins to release substances such as CGRP and P substance, which 
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leads to the activation of glial cells; subsequently, several pain regulators are 
released, such as TNF-α, IL-6, and nerve growth factors involved in central sensiti-
zation [53].

It is suggested that PRF treatment can break this cycle by inhibiting CGRP 
expression, and this is one of the analgesic mechanisms of PRG. There is no definite 
consensus on CGRP changes in the nociception transduction pathway in neuro-
pathic models; however, in most studies, after peripheral nerve injury, there is an 
increase in CGRP in the DRG, spinal cord, and its accumulation at the site of nerve 
injury [54, 55].

Because many DRG neurons begin to express CGRP after nerve damage, which 
is important in creating and maintaining pain behaviors, we can relieve pain by tak-
ing action against CGRP. In this regard, a new study has shown a decrease in expres-
sion CGRP in DRG after PRF application on the damaged sciatic nerve. In the 
study, after sciatic nerve ligation in rats, hyperalgesia and allodynia appeared, and 
CRGP mRNA and CRGP content in DRG increased. After PRF stimulation on 
DRG, ELISA, and RT-qPCR, studies showed that the proportion of CGRP-positive 
neurons in the DRG were reduced. This study showed that PRF could inhibit the 
transcription and translation of CGRP in the rat’s DRG, and this reduction in CGRP 
can alleviate pain behavior [52].

For further research: It is suggested that the role of the CGRP mechanism in 
post-PRF pain relief be investigated. The relationship between CGRP, pain behav-
iors, and PRF should be investigated in more follow-up studies.

 ATF 3 (Is the Extended PRF Efficient?)

Activating translation factor 3 (ATF3) is a marker of cellular stress in various tis-
sues. ATF 3 is used as a sensitive marker in neuronal response to injury, as well as 
in the neuropathy [56]. ATF 3 also increases in neurons and glial cells after axotomy. 
It is not expressed in healthy DRGs, but it is seen in axotomized DRG neurons [28]. 
As mentioned earlier, PRF is a nondestructive method and exerts its clinical effects 
through neuromodulation. Nevertheless, PRF application leads to ultrastructural 
changes in DRF cells as well as in sensory nociceptive axons. One of these changes 
is that by applying PRF to DRG, the amount of ATF 3 is upregulated. It is notewor-
thy that the increase was found only in small-diameter C and A-δ nociceptive fibers.

The story of ATF 3 is a bit different from the other markers mentioned earlier. So 
far, we have studied the mechanisms of pain relief after PRF. But in this section, we 
will answer these questions: according to molecular evidence and especially the 
amount of ATF3, does PRF application for a longer time provide more pain relief? 
If we stimulate the PRF for a longer time (e.g., 12 minutes), do we necessarily get a 
better therapeutic response than when we stimulate the PRF for a shorter time (e.g., 
6 minutes)? Probably not!

A similar study was performed about extended PRF exposure times on mechani-
cal allodynia in rats. First, an SNL nerve injury was created, and then PRF was 
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applied to the DRG, after which antiallodynic effects were seen. Interestingly, the 
antiallodynic effects at 12-min PRF were not significantly different from 6-min 
PRF. On the other hand, the expression of ATF3 mRNA, as a marker for cell dam-
age, was much higher in the 12-minute PRF than even the group without PRF 
treatment!

It was found that the amount of ATF3 mRNA was related to the PRF exposure 
time. Thus, the expression of ATF 3 in the naive group was very low, which indi-
cates their intact neurons; however, the level of ATF3 mRNA in the sham group, 
PRF 6 minutes and PRF 12 minutes, was much higher. Finally, it was suggested that 
the extension of PRF exposure times did not increase the antiallodynic effect, but 
could also have neurolytic effects [57].

For further research: It is suggested that the optimum conditions for PRF treat-
ment be determined, based on the molecular evidence and the mechanism of action 
of PRF. Also, further investigation of the side effects of PRF at the molecular level 
is suggested.

 Neurotransmitter (BDNF, PI3K, and p-ERK)

In this section, we review three factors that are effective in the analgesic effect of 
PRF. These three substances, called neurotrophins, play their role as pain mediators/
modulators:

 1. Brain-derived neurotrophic factor (BDNF)
 2. Phosphatidylinositol 3-kinase (PI3K)
 3. Phosphorylated extracellular signal-regulated kinase (p-ERK) [58].

By applying PRF to DRG in rats with neuropathic pain, the levels of these three 
substances (BDNF, PI3K, and p-ERK) are suppressed in the spinal cord.

Brain-derived neurotrophic factor (BDNF) is a secretory protein from the neuro-
trophin family. Neurotrophins are effective in the survival, growth, and differentia-
tion of new neurons and synapses; however, after nerve damage, they have a 
devastating effect on the spinal cord. BDNF is associated with microglial neurons 
and is an important signaling molecule. It is involved in nociceptive processing in 
the spinal cord and pain processes in the peripheral and CNS. Nociceptor-derived 
BDNF is effective in inflammatory pain, and microglial-derived BDNF is effective 
in neuropathic pain [59].

Increased BDNF expression was found in the spinal cord after SNI. Enhanced 
BDNF was shown to induce nociceptive hypersensitivity, and inhibition of BDNF 
signal improved allodynia in rats with SNI. As Liu et al. reported, BDNF is effective 
in colitis-induced spinal central sensitization, and PI3K can mediate BDNF func-
tion in the spinal cord. PI3K can also enable p-ERK via second messengers’ path-
ways [60]. PI3K is a lipid kinase that acts as a membrane-embedded second 
messenger. The role of PI3K in refractory pain has been demonstrated. For example, 
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plantar incision activates PI3K in the microglia, but inhibition of PI3K relieves 
pain-induced pain behaviors [61]. PI3K signaling has also been seen in bone cancer 
pain and also after SNI injury. PI3K-specific small-interfering RNA rat pain inhib-
ited pain behaviors in bone cancer pain [62]. In that study, PI3K levels also increased 
after SNI injury.

ERK signaling pathway in microglia is involved in modulating different types of 
pain, and its inhibition can relieve pain. In microglia, ERK activity occurs after 
nerve damage, and inhibition of ERK can stop the spread of neuropathic pain. The 
p-ERK level was significantly upregulated after SNI. It was generally confirmed that 
microglia, BDNF, PI3K, and p-ERK are involved in developing chronic pain and 
pain sensitization. These substances are released in the spinal cord in a microglia- 
dependent manner.Since the application of PRF to DRG in rats with neuropathic 
pain reduces microglial activity, the studies concluded that PRF could regulate the 
release of BDNF, PI3K, and p-ERK in the spinal cord and subsequently reduce pain. 
After PRF application to ipsilateral DRG of the rats, mechanical allodynia and ther-
mal hyperalgesia were reversed. In practice, this theory proved that the amount of 
these three substances decreased simultaneously after 6 minutes of PRF treatment 
for SNI.Therefore, it has been suggested that the application of PRF to DRG can 
reduce neuropathic pain by suppressing microglia and downregulated levels of 
BDNF, PI3K, and p-ERK in the spinal cord via microglia-dependent manner [37].

 Excitatory Amino Acids (EAAs)

Another mechanism proposed for the analgesic effect of PRF is through inhibition 
of excitatory amino acids. Excitatory amino acids (EAAs) are essential neurotrans-
mitters of the central and peripheral nervous systems, involved in modulating 
peripheral inflammation and the transmission of peripheral pain in the spinal cord 
[63]. Glutamate and aspartate are among the EEAs. The activation of glutamate 
receptors is involved in central hypersensitivity [64].

Inhibitory amino acids, including glycine and g-aminobutyric acid, also act to 
counteract the effects of EAAs, for example, by inhibiting nociceptive input and 
modulating the level of pain transmission [65]. The role of EEA, citrulline (a marker 
for nitric oxide synthesis), and glycine in thermal and tactile after peripheral inflam-
mation, has been demonstrated [66].

It has been shown that applying PRF to DRG reduces mechanical allodynia, 
spinal EAAs (glutamate and aspartate), and citrulline concentration. PRF was able 
to reduce experimentally induced inflammatory pain with spinal dorsal horn modu-
lation, suppress EAAs-citrulline release, and alter glutamate receptor activity [67].

Overall, given that some PRF target tissues do not have nerve tissue (such as 
intra-articular PRF), neurophysiological theories alone cannot suffice to find the 
analgesic mechanism of PRF, making the role of novel mechanisms, such as EAA, 
more critical.
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 Regenerative Mechanism

Another mechanism proposed for PRF, especially in the intra-articular type, is the 
cartilage-protective or regenerative mechanism. Laboratory studies show that elec-
trical stimulation can increase chondrocyte proliferation and matrix synthesis [68]. 
A study by Fini et  al. suggested that pulsed electric fields have several effects, 
including an anabolic effect on chondrocytes, catabolic cytokine blockage, and inhi-
bition of inflammatory processes in osteoarthritis [69]. These studies need further 
investigation in vivo.

A review article in 2019 examines the effects of electromagnetic fields on carti-
lage. In vivo, research has shown that EM can protect the chondrocyte form, increase 
DNA synthesis, and increase GAG   proliferation and synthesis in human cartilage. 
In vivo studies have also shown that the EM field can improve osteoarthritis, increase 
PG synthesis, and counteract catabolic activity [70].

Overall, it has been shown that EM stimulation can preserve articular cartilage 
morphology, improve joint mobility, and reduce joint pain.

For further studies: Research on the mechanism of action of PRF may need to be 
more focused on other cell lines, such as the joint, cartilage, and bone. It should also 
not be limited to the pathways of pain transmission.

 IGF-2

Insulin-like growth factor 2 (IGF2) is a protein involved in prenatal growth and 
development and the growth and proliferation of various tissue cells [71]. The role 
of IGF 2 in pain has not been confirmed but is being investigated as a new target in 
nerve injury-induced pathological pain [72].

PRF, which is applied immediately after nerve injury, has been shown to have a 
more significant inhibitory effect of mechanical allodynia than delayed PRF 
(14 days after injury). This effect of immediate PRF is achieved through the down-
regulation of IGF 2 and reduction of phosphorylation of ERK1/2. This reduction is 
mainly in microglial cells in the spinal dorsal horn [73].

Therefore, further study to determine the time to optimize RF using IGF 2 is 
recommended.

 Cellular and Histological Changes in RA

In an animal study, by applying continuous RF at 67 °C to DRG, changes such as 
mitochondrial degeneration and the loss of nuclear membrane integrity were 
observed. These changes were not seen in PRF [74]. In another study, which per-
formed continuous RF and PRF at 42 °C, no significant structural changes were 
seen except for transient endoneural edema and collagen deposition [75].
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The research on axonal ultrastructural changes after PRF has shown changes in 
mitochondrial membranes and appearance, as well as disorganized microfilaments 
and microtubules [76]. Another similar study in PRF for 120 seconds showed just 
separation in myelin configuration in damaged myelinated axons [15]. These histo-
logical changes in PRF are probably due to the high transmembrane potentials gen-
erated and the tissue being exposed to electrical current.

In general, by calculating the electric field generated, and in vitro studies, PRF 
has been shown to cause definite tissue changes. These changes can also relieve 
neuropathic pain in animal models in vivo [23]. In addition to the histological and 
ultrastructural axonal findings that occur after the PRF application, there is a con-
vincing biochemical basis for PRF mechanisms, which has been described in earlier 
sections.

 Concluding Remarks

In this chapter, with a review of the principles of nerve damage and the physics of 
RF types, we described the various mechanisms of action proposed for RF. The two 
main mechanisms of RF are ablation and creation of the electromagnetic field. 
These therapeutic effects were mediated by neuronal modulation in pain signal 
transmission via nerve fibers, changes in gene expression, and changes in cytokines 
and neurotransmitters. The direct and indirect effects of RF on nerve fibers, microg-
lia, and chondrocytes were also discussed.

In the decades since the application of RF in pain management, much research 
has focused on determining the outcome of RF in various areas, rather than finding 
its mechanism of action. Many advances have been made in basic science and pain- 
related translation research. It is clear that using this new knowledge window has 
enabled novel researches to determine the accurate mechanism of action of RF eas-
ier and more possible. We can do a more optimized patient selection, approach 
selection, and pain management via these findings. For these goals, in addition to 
the research questions posed in each section, longitudinal studies with longer fol-
low- up, as well as closer contact of pain physician with pain scientists and research-
ers, are recommended.
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