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Background: Complex regional pain syndrome type I (CRPS-I), also called algodystrophy, is a
complex syndrome characterized by limb pain, edema, allodynia, hyperalgesia and functional
impairment of bone with a similar clinical picture of osteoporosis, including an increased release
of various pro-inflammatory neuropeptides and cytokines.
Several treatments have been proposed for CRPS-I, but due to the poor outcome of conventional
drugs and the invasiveness of some techniques, expectations are now directed towards new
resources that could be more effective and less invasive.
Objective: In the light of preclinical evidence, which underlined pulsed electromagnetic
fields’ (PEMFs) properties on osteoblasts (OBs), osteoclasts (OCs), and pathologies with an
inflammatory profile, the present review aims to investigate whether there is a rationale for the
use of PEMFs, as a combined approach, in CRPS-I.
Study Design: This review analyzed the 44 in vitro and in vivo studies published in the last
decade that focused on 2 main aspects of CRPS-I: local osteoporosis (OP) and inflammation.
Setting: Not applicable.
Methods: This review includes in vitro and in vivo studies found with a PubMed and Web
of Knowledge database search by 2 independent authors. The limits of the search were the
publication date between January 1, 2006, and January 1, 2016, and English language. In
detail, the search strategy was based on: 1) CRPS-I or algodystrophy; 2) OP, OCs, and OBs; and
3) inflammatory aspects.
Results: The included studies looked at the relationship between PEMFs and OCs (2 in vitro
studies), osteoporotic animal models (8 in vivo studies), OBs (20 in vitro studies), inflammatory
cytokines, and reactive oxygen species. They also tried to define the molecular cell pathways
involved (5 in vivo and 9 in vitro studies on inflammatory models). It was observed that PEMFs
increased OC apoptosis, OB viability, bone protein and matrix calcification, antioxidant protein,
and the levels of adenosine receptors, while it decreased the levels of pro-inflammatory
cytokines.
Limitations: Data from clinical trials are scarce; moreover, experimental conditions and PEMF
parameters are not standardized.
Conclusions: The present review underlined the rationale for the use of PEMFs in the complex
contest of CRPS-I syndrome, in combination with conventional drugs.
Key words: Complex regional pain syndrome type I, algodystrophy, pulsed electromagnetic
field stimulation, osteoporosis, inflammation, osteoclasts, osteoblasts, pain
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omplex regional pain syndrome type I (CRPS-I),
also called algodystrophy, or reflex sympathetic
dystrophy (RSD), is a painful syndrome affecting
limbs. It is characterized by sensory and vasomotor
disorders, edema, and functional impairment of bone.
It was also known as Sudeck’s disease, due to its first
clinical description in 1900 by the German surgeon Paul
Sudeck (1866 – 1945) (1).
According to the modern classification, CRPS Type
I is characterized by the absence of an obvious nerve
damage, whereas CRPS type II shows the presence of a
peripheral nervous lesion (2,3).
Treatment of CRPS-I is complex, and so is the clinical presentation of this syndrome.
Another obstacle in the study of this morbid condition is the difficulty to obtain a satisfactory reliable
preclinical model. Indeed, animal models, with features
similar to those observed in patients suffering from
CRPS-I, can be found in the literature, but they are obviously not effective for a correct comparison of suffering
pattern and pain severity in animals and humans (4).
The main features of CRPS-I are pain, allodynia,
and hyperalgesia, which represent a severe burden for
patients, heavily interfering with their quality of life.
The local release of pro-inflammatory neuropeptides and cytokines seems to be the pathway that triggers and maintains the disease.
Omoigui (5) observed that the origin of every kind
of pain is an inflammatory process and its local manifestations. Each painful syndrome has a specific inflammatory profile related to the pattern of in situ inflammatory mediators. This inflammatory profile changes
among different people and in the same patient at
different times. According to Varenna and Zucchi (4), a
local process of neuro-inflammation is involved in the
first stage of the disease (edema, eritrosis, increased
local temperature, and sweating); while in the more
advanced phases, impairment of microcirculation takes
over (the so called “dystrophic” or “cold” phase).
Multiple mediators are involved in the inflammatory profile of CRPS-I and its complications, in particular, pro-inflammatory cytokines, such as interleukins 1,
6, 8, 2, 17 (IL-1, IL-6, IL-8, IL-2, IL-17), leukemia inhibitory
factor (LIF), tumor necrosis factor-α (TNF-α), and free
radicals (such as nitric oxide) (6,7).
In addition, the skeletal tissue is also involved in
the clinical picture of CRPS-I. The inflammatory mediators, present in the lesion, increase bone resorption,
further enhanced by disuse due to pain, resulting in the
appearance of localized osteoporosis (OP).
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Several drugs were proposed for effective treatment, such as analgesics (non-steroidal anti-inflammatory drugs and opioids), anesthetics, anticonvulsants,
antidepressants, muscle relaxants, corticosteroids, calcitonin, bisphosphonates, and free radical scavengers (8).
The control of pain is therefore paramount in CRPS-I
treatment, because of the highly debilitating consequences of its symptoms; however, several patients
seem to be refractory to the treatments listed above.
Due to the poor outcome of conventional drugs and
the invasiveness of some techniques, expectations are
now directed towards further resources that could be
effective and less invasive.
In this scenario, pulsed electromagnetic fields
(PEMFs), whose effectiveness in the control of various
painful and inflammatory disorders is well assessed,
show interesting and promising properties.
PEMFs gained popularity in medicine starting from
the 1970s, although the first interest in the effects of
magnetic forces on the human body can be traced back
several centuries ago. In 1979 the FDA approved the
use of PEMFs for bone growth stimulation, i.e., in nonunions (9). Afterwards, the range of possible applications has been widened, including multiple sclerosis,
osteoarthritis (OA) of the knee, fibromyalgia, loosened
hip prostheses, cervical OA, congenital pseudoarthrosis,
delayed union of fractures, chronic rotator cuff tendinitis, osteonecrosis of the hip, and chronic venous ulcers (10). In 1989 Rubin et al (11) proposed the use of
PEMF in preventing OP. Electromagnetic stimulation of
tissues can be obtained by means of electrodes directly
in contact with the skin or by generators placed near
the body.
Overall, the ultimate mechanism of action of
PEMFs can be identified by their influence on the ion
balance and membrane exchanges at the cellular level.
The anti-flogistic activity of PEMFs can be ascribed to
their action on adenosine receptors, whose activation
produces several anti-inflammatory responses.
PEMF stimulation has been studied and proposed
for the regeneration of musculoskeletal tissues such as
cartilage, bone, tendon, and ligament. Several preclinical studies have shown PEMF anabolic and anti-inflammatory activity in musculoskeletal tissues. They also
improve mesenchymal stem cells (MSC) osteoblastic differentiation, at the expense of adipogenic differentiation and, at the same time, they stimulate the production of extracellular matrix (ECM) components (12-38).
There are no specific studies about PEMF effectiveness
in CRPS-I therapy, as single or combined treatment, ex-
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cept the study of Durmus et al (39) reported in a recent
Cochrane systemic review. In this clinical trial PEMFs
were used in association with calcitonin and stretching
exercises, but their effects were similar to those of placebo for the treatment of pain or range motion. The
evidence derived from this study was however defined
of “low quality,” and there are no other studies on a
possible role or mechanism of PEMFs (39).
In the light of preclinical evidence, which underlined the above mentioned properties of PEMFs on
bone tissues and in pathologies with an inflammatory
profile, the present review aims to investigate whether
there is a rationale for the use of PEMFs in a combined
approach for CRPS-I treatment.
This paper reviews the in vitro and in vivo literature of the last decade that investigated 2 main aspects

of CRPS-I: local OP and inflammation. The included
studies deal with the relationship between PEMFs and
osteoclasts (OCs), osteoporotic animal models, osteoblasts (OBs), inflammatory cytokines, and reactive oxygen species (ROS). also trying to define the molecular
cell pathways involved.

Methods
As shown in Fig. 1, the review includes in vitro
and in vivo studies found with a PubMed and Web of
Knowledge database search by 2 independent authors.
The limits of the search were the publication date between January 1, 2006, and January 1, 2016, and English language. In detail, the search strategy was based
on: 1) CRPS-I or algodystrophy; 2) OP, OCs, and OBs; and
3) inflammatory aspects.

Fig. 1. Search strategy of the review. Forty-four studies were included: 20 in vitro studies on osteoblasts, 2 in vitro studies on
osteoclasts, 8 in vivo studies in osteoporotic animals, 5 in vivo studies in inflammatory animal models, and 9 in vitro studies in
inflammatory models.
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The employed key words were the following:
•
for point 1) “Algodystrophy AND PEMF”; “Algodystrophy AND Pulsed electromagnetic field”;
“Complex Regional Pain Syndrome Type I AND
PEMF”; “Complex Regional Pain Syndrome Type I
AND Pulsed electromagnetic field”;
•
for point 2) “Osteoporosis AND PEMF”; “Osteoporosis AND Pulsed electromagnetic field”; “Osteopenia AND PEMF”; “Osteopenia AND Pulsed
electromagnetic field” “Osteoclasts AND PEMF”;
“Osteoclasts AND Pulsed electromagnetic field”;
“Osteoblasts AND PEMF”; “Osteoblasts AND Pulsed
electromagnetic field”;
•
for point 3) “Inflammation AND PEMF”; “Inflammation AND Pulsed electromagnetic field”; “Rheumatoid arthritis AND PEMF”; “Rheumatoid arthritis
AND Pulsed electromagnetic field”; “Arthritis AND
PEMF”; “Arthritis AND Pulsed electromagnetic
field”; “Pain AND PEMF”; “Pain AND Pulsed electromagnetic field.” In addition, pro-inflammatory
cytokines and cells, usually involved in an inflammatory pathology and in CRPS-I, were individually
searched as “TNF-alpha OR Tumor necrosis factor
alpha OR IL-1 OR Interleukin-1 OR IL-6 OR Interleukin-6 OR IL-8 OR Interleukin-8 OR IL-2 OR Interleukin-2 OR LIF OR Leukemia Inhibitory Factor OR
IL-17 OR Interleukin-17 OR Free radicals OR Oxidative species OR Oxidative stress OR ROS OR Reactive Oxygen Species OR NO OR Nitric Oxide OR IL10 OR Interleukin-10 OR INF gamma OR Interferon
gamma OR PGE2 OR Prostaglandin E2 OR SOD OR
Superoxide Dismutase OR Macrophages OR Inflammatory monocytes OR Monocytes OR Lymphocytes
OR Peripheral blood mononuclear cells OR Monocytes OR Synovial fibroblasts” AND “PEMF” OR
“Pulsed electromagnetic field.”
All the reviews, found with the point 1 search, were
excluded.

Results
As also shown in Fig. 1, the search regarding point
1 did not give any results.
Points 2 and 3 search strategies gave a total of 44
in vitro and in vivo studies that were included in this
review. Twenty of them regarded in vitro PEMF stimulation on OBs, 2 regarded in vitro studies on OCs, and 8
in vivo studies on osteoporotic animal models. Finally,
14/44 studies focused on inflammatory pathologies: 5
were in vivo models using mice and rats, while 9 were
in vitro studies on pro-inflammatory cytokines and oxi-
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dative damage, 4 of which also investigated adenosine
receptors in several cell types.
Figure 2 schematically represents the results of the
studies found with the previously mentioned search
strategies.

Osteoblasts
As it can be observed in Table 1, 8 in vitro studies
evaluated primary OBs, harvested from human femoral
heads of healthy participants (40) or from neonatal rat
calvariae (34,41-46) and 10 in vitro studies evaluated
the behavior of OB cell lines of human and murine origin (SaOS2, UMR106-01, MC3T3-E1, and MG-63) after
PEMF stimulation (47-56). Two studies evaluated both
primary and OB cell lines in the same study (57,58).
Among the above-mentioned studies, 7 studies observed OBs seeded onto different types of scaffolds,
such as poly(lactide-co-glycolide) (PLGA) (34), polyurethane (PU) (54,55), titanium (Ti) (41,42,56), and calcium
phosphate (CaP) discs (58).
Most of these studies employed PEMFs at 7.5, 15,
and 75 Hz of frequency at different intensities and stimulation times.
In primary OBs an increase in cell proliferation,
alkaline phosphatase (ALP) activity, and transforming
growth factor-β1 (TGF-β1) was observed (40,45,46).
There was also a decrease in prostaglandin E2 (PGE-2)
after PEMF stimulation, which seemed to have a synergic effect with bone morphogenetic protein 2 (BMP2)
with regard to gene expression of ALP, osteocalcin
(OCN), and collagen I (COLL I) (44). The mechanisms activated in OBs by PEMFs involved calcium (Ca++) movement and storage: intracellular and extracellular Ca++
release, calmodulin, P2 receptor on the membrane and
phospholipase C (PLC) pathways (45,46), with particular
regard to the wavelength features.
Only one study compared cell lines (MC3T3-E1) and
primary cells from rat calvaria: the results showed no
influence of PEMFs on MC3T3-E1 cells, but evidenced
the ability of this stimulation to affect proliferation and
differentiation, in a coordinated manner, on primary
osteoblastic cells (57).
Cell line cultures showed an increase in gene expression and protein production of markers typically
related to cell proliferation, differentiation, and bone
synthesis. This was similar to primary cultures, but also
included BMP2, frizzled class receptor 9 (FZD9), parathyroid hormone-related protein (PTHRP), insulin like
growth factor (IGF-I), tissue inhibitor of metalloproteinases (TIMP1), and secreted protein acidic rich in cys-
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Fig. 2. A schematic representation of the 44 studies’ results. The effects of PEMFs on osteoclasts, osteoblasts, osteoporotic animals,
inflammatory pathologies, and adenosine receptor levels.

teine (SPARC), after the use of PEMFs. In addition, ALP
activity and mineralization were increased. Conversely,
there was a reduction in ECM degrading enzymes, such
as metalloproteinases 11 (MMP11) and sclerostin (SOST)
(47-51,53). More in details, concerning the intracellular pathways, it was observed that PEMFs improved the
phosphorilation and then the activation of mammalian
target of rapamycin complex 1 (mTOR) (a regulator of
cell growth and proliferation), P70 S6 kinase (regulator
of protein synthesis and cell proliferation), S6 (regulator
of cell proliferation), insulin receptor substrate 1 (IRS-1)
(activator of MAP kinase signaling pathway), endothelial nitic oxide synthase (eNOS) (enzymes that produce
NO) and pS6 traslocation to the cytosol (46-49). Studies
looking at the mechanism of action of PEMFs revealed
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the involvement of several intracellular pathways, resulting in the improvement of cell growth and proliferation, as well as regulation of protein synthesis (4851). Special attention should be paid to the trend and
ratio of osteoprotegerin (OPG) and receptor activator
of NF-kappaB ligand (RANKL), key factors for osteoclastogenesis, since their expression showed fluctuations
after different PEMF stimulations (41,42,47-53,55,56).
Despite the different origin and types of the OBs
employed, the studies on OBs, seeded onto a scaffold,
showed that PEMFs significantly improved cell proliferation and viability, matrix calcification, and nitric
oxide (NO) release. Again, the authors evaluated gene
expression and protein production of the main actors
of bone differentiation and activity, including transcrip-
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1) Cells;
2) Cells + PEMF

1) Cells on PLGA;
2) Cells on PLGA + PEMF

1) Cells on Ti discs (Flat, Micro and
Nano);
2) Cells on Ti discs + PEMF

1) Cells on TiZr, SLActive, Machine
surfaces;
2) Cells on scaffolds + PEMF

1) Cells;
2) Cells + PEMF

1) Cells ± BMP2;
2) Cells ± BMP2 + PEMF

1) Cells ± inhibitor;
2)Cells ± inhibitor + PEMF

1) Cells;
2) Cells + PEMF

1) Cells;
2) Cells + PEMF

1) Cells;
2) Cells + PEMF

1) Cells;
2) Cells + PEMF

1) Cells;
2) Cells + PEMF;
3) Cells + Dexa;
4) Cells + Dexa + PEMF

OBs from rat calvaria (1 day old)

OBs from rat calvaria (1 day old)

OBs from 2 rat calvaria (1 day old)

OBs from rat calvaria (1 day old)

OBs from rat calvaria (1 day old)

OBs from rat calvaria (1 day old)

OBs from rat calvaria (1 day old)

MG63

mMC3T3-E1;
UMR106-01

mMC3T3-E1

mMC3T3-E1

Groups

OBs from human
femoral head

Cells

Frequency: 15 Hz
Intensity: 4 mT
Duration: 30 min/day for 2 days

Frequency: 0.5 Hz
Intensity: not reported
Duration: 800 s or 5600 s

Frequency: 15 Hz
Intensity: 0.4 mT
Duration: 10 hrs/day for 1 or 2 days

Frequency: 75 Hz
Intensity: 2 mT
Duration: 18 hrs

Frequency: 15 Hz
Intensity: 5 mT
Duration: 30 min after 24 or 48 hrs of
culture or 30 min/day for 21 days

Frequency: 7.5 Hz
Intensity: not reported
Duration: 2 hrs/day for 1 day

Frequency: 3800 Hz
Intensity: not reported
Duration: 24 hrs after one 4-h treatment or
continuous daily 4 hrs treatment

Frequency: 7.5 Hz
Intensity: 0.13, 0.24, 0.32 mT
Duration: 20 min/day for 1-4 days

Frequency: not reported
Intensity: 0.2 mT
Duration: 2 hrs/day for 24 or 72 hrs

Frequency: 15 Hz
Intensity: 0.96 mT
Duration: 60 or 80 min/day for 14 days

Frequency: 7.5 Hz
Intensity: 0.13, 0.24, 0.32 mT
Duration: 2 or 8 hrs/day for 18 days

Frequency: 15 Hz
Intensity: 0.4 mT
Duration: 3, 7, 10 days

PEMF characteristics and duration of
stimulation

Table 1. Articles about osteoblasts (OBs) and PEMFs. In vitro studies.

42

41

↑cell proliferation, ALP activity (at 0.13 mT for 2 hrs); ↓ ALP activity (at
0.13 mT for 8 hrs); = cell proliferation, ↑ ALP activity (at 0.24 mT); ↓ cell
proliferation, ↑ ALP activity (at 0.32 mT)
↑ cell proliferation, matrix mineralization, Alpl, Bmp2, Runx2, Col1a1,
BMP2

43

44

45

46

47

48

49

50

↑ cell proliferation, PGE2, TGF-β1, ALP activity

Without BMP2: ↑ Alp (24 hrs after one 4-h treatment); ↑ Alp, Bglap,
Col1a1 (continuous daily 4 hrs treatment)
With BMP2: ↑ Alp, Bglap (24 hrs after one 4-h treatment); ↑ Alp,
Col1a1, Bglap, matrix mineralization (continuous daily 4 hrs treatment)
↑ cell proliferation. Partially activation of cAMP, PKA, PHG, PKC pathways. Activation of intracellular Ca release and calmodulin pathways
↑ cell proliferation, matrix mineralization, ↓ ALP activity. Activation of
P2 receptor on the membrane and PLC pathways

↑ expression of genes of proliferation, differentiation and bone formation, components of cytoskeleton or cell adhesion, collagenous and noncollagenous proteins, ↓ expression of genes of ECM degradation
↑ TGF-β1, p-mTOR, p-p70 S6 Kinase, p-S6, = PGE2

= Cell proliferation, ALP activity, Bglap (at 800 s); ↓ cell proliferation,
ALP activity, Bglap, matrix mineralization (at 5600 s)
↑ Ptgs1, Ptgs2; ↑ cell proliferation, ALP activity, Igf1, Ptgs2 (in cells
treated with Dexa)

42
↑ cell proliferation (at 24 hrs on TiZr surface); ↓ cell proliferation, MK
levels (at 72 hrs on SLActive surface); ↑ cell proliferation, ↓MK levels (on
Machine surface)

40

Ref

↑ cell proliferation, cell growth, ALP activity

PEMF effects
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1) Cells;
2) Cells + insulin;
3) Cells + PTH;
4) Cells + PEMF

1) Cells;
2) Cells + PEMF

1) Cells;
2) Cells + PEMF

1) Cells on PU;
2) Cells on PU + PEMF

1) Cells on PU;
2) Cells on PU + PEMF

1) Cells on Ti;
2) Cells on Ti + PEMF

1) Cells;
2) Cells + PEMF

1) Cells on CaP discs;
2) Cells on CaP discs + PEMF;
3) SAOS-2 on CaP discs + E2;
4) SAOS-2 on CaP discs + E2 + PEMF

SAOS-2

SAOS-2

SAOS-2

SAOS-2

SAOS-2

MC3T3-E1;
OBs from rat calvaria (2 days old)

MG63;
SAOS-2;
hOBs

Groups

UMR106-01

Cells

www.painphysicianjournal.com
Frequency: 15 Hz
Intensity: 1.6 mT
Duration: 8 hrs/day for 4 days

Frequency: 48 Hz
Intensity: 1.55 mT
Duration: 24 hrs continuously; 24 hrs after
24 hrs of culture; 24 hrs before 24 hrs of
culture; 48 hrs continuously

Frequency: 75 Hz
Intensity: 2 mT
Duration: 24 hrs/day for 22 days

Frequency: 75 Hz
Intensity: 2 mT
Duration: 24 hrs/day for 22 days

Frequency:75 Hz
Intensity: 2 mT
Duration: 24 hrs/day for 22 days

Frequency: 15 Hz
Intensity: 2 mT
Duration: 10/30 min

Frequency: 15 Hz
Intensity: 2 mT
Duration: 1-4 days

Frequency: 15 Hz
Intensity: 0.4 mT
Duration: 10/30 min

PEMF characteristics and duration of
stimulation

Table 1 con’t. Articles about osteoblasts (OBs) and PEMFs. In vitro studies.

52

53

54

55

56

= cell viability, cell growth, ↑ ALP activity, matrix mineralization

= TNFSF11, RANKL, OPG (at 10 min); ↑ TNFSF11, OPG, = RANKL (at
30 min)
↑ cell proliferation, matrix mineralization; = COLL I, OCN, OPN, DCN

↑ matrix calcification, DCN, FBN, OCN, OPN, TGF-β1, COLL I, COLL
III gene expression and protein, cell proliferation
↑ cell proliferation, DCN, FBN, OCN, OPN, TGF-β1, COLL I, COLL III
gene expression and protein

↑ TNFRSF11B, OPG, = TNFSF11, RANKL (in MG63); ↓ cell number (in
SAOS-2); ↓ cell number, ↑ OPG, = RANKL (in SAOS-2+E2); ↑ OPG, =
RANKL (in OBs)

58

= cell proliferation (in MC3T3-E1); ↑ cell proliferation, ↓ cells in G2M+S 57
phases (in OBs)

51

Ref

Insulin: ↑ p-IRS-1, p-eNOS, p-ERK1/2, p-S6 traslocation to cytosol; =
p-CREB
PTH: ↑ p-CREB, p-S6 traslocation to cytosol, p-eNOS; = p-ERK1/2
PEMF: ↑ p-IRS-1, p-eNOS, p-S6 traslocation to the cytosol; = p-CREB,
p-ERK

PEMF effects
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tion factors such as runt-related transcription factor 2
(RUNX2) and osterix (OSX),
minor organic components
of the matrix such as fibronectin (FBN) and decorin
(DCN), and typical proteins
of the late differentiation
phase such as OCN. They
confirmed an improvement of anabolic proteins
(41,55,56,58) under PEMF
stimulation and a decrease
in midkine (MK) levels, an
embriogenic protein that
reappears in some pathologies (42). However, IcaroCornaglia et al (54) showed
an improvement only in
cell number and mineralization, and not in protein
production. Among these
8 studies, one compared 3
different intensities (0.13,
0.24, and 0.32 mT), each
employed at 2 different
times (2 or 8 hours/day),
finding that 0.32 mT reduced cell proliferation
and increased ALP activity,
while 0.13 mT had the opposite effect and 0.24 mT
increased only ALP activity
(57).
It is also important to
note that some authors
compared PEMFs with
other treatments, such as
dexamethasone
(Dexa),
insulin, and parathyroid
hormone (PTH) (50,51), observing the action of single
treatments or their synergy. PEMFs, after Dexa treatment, improved cell proliferation, ALP activity, and
IGF1 expression, compared
to Dexa treatment alone
(50). Like insulin treatment,
PEMFs phosphorilated IRS-
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1, eNOS, and S6 protein. This was also observed with
PTH (51).

Osteoclasts
In the only 2 in vitro studies about OCs (59,60),
PEMF frequencies of 7.5 and 8 Hz were employed on
bone marrow mesenchymal stem cells (BMSCs) harvested from healthy (59) or ovariectomized (60) rats.
An increase in OC apoptosis rate was observed after 8
hours of stimulation (59), together with a reduction in
gene expression of receptor activator of nuclear factor
κ B (RANK) and carbonic anhydrase II (CA II) (60). This
enzyme, necessary for the synthesis of carbonic acid, is

useful to obtain the acid microenvironment where OCs
are active and osteolysis occurs (60) (Table 2).
Taken together, these data revealed a regulatory
action of PEMFs in OCs.

Osteoporotic in vivo Models
Table 3 summarizes the 8 in vivo studies (61-68)
showing the positive effects of PEMFs in OP. Even if the
duration of the stimulus varied a lot among these studies, most of them employed a frequency of 15 Hz (4/7),
8 Hz (2/8), or 50 Hz (1/8).
Alternative models were set up to obtain OP: ovariectomy (OVX) (61-66) and disuse (DOP) performed by

Table 2. Articles about osteoclasts (OCs) and PEMFs. In vitro studies.

Cells

Groups

PEMF characteristics and
duration of stimulation

PEMF effects

Ref

OCs from femurs and tibiae
of female rats (8 mo old)

1) Cells;
2) Cells + PEMF

Frequency: 7.5 Hz
Intensity: 0.0008 mT
Duration: 1, 8, 16 hrs

↑ cell apoptosis (at 8 and 16 hrs),
more at 8 hrs

59

OCs from 24 OVX female
rats (3 mo old)

1) Cells from OVX rats;
2) Cells from OVX rats + PEMF

Frequency: 8 Hz
Intensity: 3.8 mT
Duration: 40 min/day for 3 days

↓ Car2

60

Table 3. Articles about osteoporosis (OP) and PEMFs. In vivo studies.

Animals

Groups

PEMF characteristics and
duration of stimulation

PEMF effects

Ref

12 OVX female rats (6 mo old)
with bilateral fibular osteotomy

1) OVX rats;
2) OVX rats + PEMF

Frequency: 15 Hz
Intensity: 0.52 mT
Duration: 3 hrs/day for 6 wks

↑Biomechanics of the callus

61

30 OVX female rats (3 mo old)

1) OVX rats;
2) OVX rats + PEMF

Frequency: 15 Hz
Intensity: 2.4 mT
Duration: 8 hrs/day for 10 wks

↑ Biomechanics, BMD, bone architecture, Wnt1, Lrp5, Ctnnb1

62

30 OVX female rats (3 mo old)

1) OVX rats;
2) OVX rats + PEMF

Frequency: 8 Hz
Intensity: 3.8 mT
Duration: 40 min/day, 5 days/wk
for 12 wks

↑ serum E2, ALP, bone architecture,
biomechanics, Wnt3a, Lrp5, Ctnnb1,
Myc, Runx2, ↓Dkk1

63

10 OVX female rats (3 mo
old) with Ti implants in tibia
metaphysis

1) OVX rats;
2) OVX rats + PEMF

Frequency: 50 Hz
Intensity: 0.2 mT
Duration: 4 hrs/day for 2 wks

↑ bone architecture

64

30 OVX female rats (3 mo old)

1) OVX rats;
2) OVX rats + PEMF

Frequency: 8 Hz
Intensity: 3.8 mT
Duration: 40 min/day, 5 days/wk
for 12 wks

↑ E2, biomachanics, BMD, Tnfrsf11b,
↓ TRACP5b, Tnfsf11

65

20 OVX female rats (5 mo old)

1) OVX rats;
2) OVX rats + PEMF

4 different treatments protocols;
Duration: 2hrs/day, 5 days/wk
for 6 wks

= cancellous or cortical bone

66

80 DOP female rats (4 mo old)

1) DOP rats;
2) DOP rats + CT;
3) DOP rats + PEMF

Frequency: 15 Hz
Intensity: 0.8 mT
Duration: 2 hrs/day for 8 wks

CT: ↑ BMD, ↓ IL6
PEMF: ↑ BMD, TGF-β1, ↓ IL6, ↑
BMD, TGF-β1 than CT

67

30 HU male rats (3 mo old)

1) HU rats;
2) HU rats + PEMF

Frequency: 15 Hz
Intensity: 2.4 mT
Duration: 2 hrs/day for 4 wks

↑ OCN, P1NP, biomechanics, BMD,
68
bone architecture, Wnt1, Lrp5, Ctnnb1,
Tnfrsf11b, Bglap, ↓ CTX-I
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the immobilization of hind limbs by a tibia-tail fixation (67) or by the attachment of the tail to the cage to
maintain the rat in 30° position (68).
To evaluate the effects of PEMFs in osteoporotic animals, the authors analyzed bone biomechanics, mineral
density (BMD), and histology, besides the expression of
genes involved in bone remodeling. PEMFs increased
biomechanical and architectural parameters, such as trabecular number (Tb.N) and thickness (Tb.Th), bone volume (BV/TV) (61-63,67) and BMD (61,62,64,68). However,
a decrease in trabecular separation (Tb.Sp) was also observed (61,62,67), although after Ti implants in tibia, an
author did not find differences in Tb.Th and Tb.Sp (63).
Most of these studies demonstrated an increase in
c-myc, RUNX2, OCN, COLL I, OPG, TGF-β1 gene expression and protein production (62,64,65,67,68). In addition, as also observed in the in vitro studies on OBs, an
involvement of the Wnt/β-catenin pathway was noticed.
This not only stimulated bone formation, raising the
growth rate of OBs and inhibiting their apoptosis, but
also inhibited osteoclastogenesis. In fact, in these studies, PEMFs increased proto-oncogene proteins (WNT-1
and WNT3), low-density lipoprotein receptor-related
protein 5 (LRP5) and β-catenin (59,60,65), decreasedstructure model index (SMI), DickkopfWNT signaling
pathway inhibitor 1 (DKK1) and RANKL expression, as
well as serum IL-6, involved in the stimulation of osteoclastogenesis, and Cross Linked C-Telopeptide Of Type I
Collagen (CTX-I) (59,60,63,65,66).
In 4 studies, in addition to the comparison with nonstimulated osteoporotic animals, the stimulated group
was also compared with healthy animals (61,62,67,68),
revealing better results in the PEMF group compared to
healthy animals in one study (67) and equal results in
the others (61,62,68).
Finally, only one study on osteoporotic rats, found
no support for the use of PEMF in the treatment of
CRPS-I (66).

Inflammation
Preclinical studies of this topic are divided into
those describing the effects of PEMFs in animal models
of different inflammatory conditions (arthritis, myopathy, cerebral ischemia, and brain injuries) (69-73) and
those using cell types such as peripheral blood mononuclear cells of patients affected by Crohn’s disease (74),
RAW 264.7 (75), fibroblast-like cells from mononuclear
peripheral blood of healthy donors (76), human dermal
fibroblasts, epidermal keratinocytes, and mononuclear
cells (77) cultured in vitro (Table 4).
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These preclinical studies clarify the role of PEMFs
on pro-inflammatory cytokines and oxidative damage,
which are also involved in CRPS-I.
The study by Eraslan et al (70), performed on blood
harvested from healthy mice treated with PEMFs, revealed no PEMFs induced oxidative damage. The levels
of enzymes with an antioxidant role, superoxide dismutase (SOD), catalase, glutathione peroxidase (GPx),
glucose-6-phosphate dehydrogenase (G6PD), and malondialdehyde (MDA), not only were not altered in the
experimental group, but they also showed a weak decrease, although not significant (70).
A reduction in paw volume, thiobarbituric acid
reactive substances (TBARS), calcium, and PGE2 levels
was observed after PEMF stimulation in a rat model of
arthritis, obtained by injecting 0.1 mL of heat killed M.
tubercolosis. This was similar to the results obtained by
the treatment with diclofenac. Moreover, PEMFs improved the activities of SOD, catalase, GPx, and GSH,
which protect the cell from oxidative damage by reactive oxygen species (ROS) (69).
In a model of rat myopathy, performed by injecting
50 µl of 1% carrageenan lambda, PEMFs reduced the
plasma levels of fibrinogen, L-citrulline, NO, SOD activity, and inflammatory infiltrate (71).
The production of pro-inflammatory cytokines was
also evaluated in distal middle cerebral artery occlusion
(dMCAO), in a mouse model of post-stroke inflammation. The authors observed a reduction in IL1α, TNF-α,
and ischemic infarct size, but also an increase in IL10
after PEMF treatment, underling the anti-inflammatory
and anti-apoptotic role of PEMFs (72). Another study
quantified the level of a single inflammatory cytokine
(IL1β) in the cerebrospinal fluid of a rat with 2 traumatic brain injuries, demonstrating a reduction in its levels
within 6 or 17 – 2 hours of stimulation (73).
Going back to the in vitro studies, peripheral blood
mononuclear cells (PBMNCs) from Crohn’s disease-affected patients (74) and from healthy donors (74,76)
were harvested and stimulated with phytohaemaglutinin (PHA) or lipopolisaccharide (LPS). Cell viability
and cytokine profile are crucial after activation of cells
with these mytogens, since cells are most susceptible to
death during mitosis, when treated with PEMFs.
At 50 Hz of frequency, PEMF application reduced
the viability of PBMNCs, mostly composed of T lymphocytes, which are among the main factors involved in
Crohn’s disease and other inflammatory diseases. At the
same frequency, interferon-gamma (INFγ) release decreased in both healthy and pathological cells induced
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1) Rats;
2) Rats + PEMF

1) Cells;
2) Cells + PEMF;
3) Cells + PHA;
4) Cells + LPS;
5) Cells + PHA + PEMF;
6) Cells + LPS + PEMF
1) Cells;
2) Cells + LPS;
3) Cells + PEMF
1) Cells;
2) Cells + PEMF

Male Sprague Dawley rats with
closed-head contusive weightdrop injuries or with penetrating needle-stick brain injuries
(350-400 gr)

PBMCs from 8 healthy subjects
(53±10 yrs old) and 8 CD
patients (57±20 yrs old)

RAW264.7

PBMNCs from healthy subjects

1) Cells + TNFα/LPS;
2) Cells + TNFα/LPS + PEMF;
3) Cells + TNFα/LPS + AA
4) Cells + TNFα/LPS + AA + PEMF;
5) Cells + TNFα/LPS + ADA;
6) Cells + TNFα/LPS + AA + ADA

1) Mice;
2) Mice + PEMF

24 mice with dMCAO (2 mo
old)

SFs from bovine metacarpophalangeal joints (14-18 mo old)

3) Rats;
5) Rats + PEMF

50 Wistar female rats with
myopathy (200±20gr)

1) Cells;
2) Cells + PEMF

1) Mice;
2) Mice + PEMF

56 female albino mice (30-35 gr)

Purchased HDF, HEK, HMNC

1) Rats;
2) Rats + PEMF;
3) Rats + Diclofenac

Groups

18 male Wistar rats with AIA
(80-100 gr)

Animals or cells

PEMF effects

Frequency: 75 Hz
Intensity: 1.5 mT
Duration: 24 hrs

Frequency: 27120000 Hz
Intensity: not reported
Duration: 30 min

Frequency: 50 Hz
Intensity: 2.25 mT
Duration: 15 min/day at 7, 8 and 9 days of culture

Frequency: 5.1, 7.8, 10.8, 15.6, 20.8, 23.4, 30 Hz
Intensity: 4 mT
Duration: 1/3 hrs

Frequency: 50 Hz
Intensity: 45 mT
Duration: 3 times of 3 hrs each with 24 hrs of
interval

Frequency: 27120000 Hz
Intensity: not reported;
Duration: 5 min in every 20 min for up to 9 days

Frequency: 27120000 Hz
Intensity: not reported
Duration: 15 min, 2 times/day with 4 hrs interval
for 21 days

Frequency: 50 Hz
Intensity: 20 mT
Duration: 30 min/day for 8 days

Frequency: 50 Hz
Intensity: 2 mT
Duration: 8 hrs/day for 90 days

74

75

76

↑ IL10 (in CD PBMCs); ↓ cell viability (in cells
treated with LPS/PHA); ↓ INFγ (in cells treated
with PHA)

↓ TNF-α, NF-kB, Tnfaip3 (at 5.1 Hz); ↓ TNF-α,
= NF-kB, Tnfaip3 (at 7.8 Hz); = TNF-α, NF-kB,
Tnfaip3 (at 10.8)
↓ IL1β, TNFα, ↑ IL10

78

73

↓ IL1β in CSF

↓ PGE2 release, Ptgs2

72

↓ infarct size, infarct volume, Il1a and TNF superfamily gene expression, ↑ Il10

77

71

↓ fibrinogen, L-citrulline, NO, SOD,
inflammatoryinfiltration

↑ HMOX1, NOX1, PTGES, IL10, ↓ IL1B (in HDF);
↑ HMOX1, IL10 (in HEK); ↑ HMOX1 (in HMNC)

70

69

Ref

= SOD, GSH, CAT, G6PD, MDA

Frequency: 5 Hz
PEMF and Diclofenac: ↓ paw volume, bone archiIntensity: 0.004 mT
tecture, Ca levels, PGE2, ↑ GSH, GPx, catalase,
Duration: 90 min/day from 14 to 56 days after AIA SOD

PEMF characteristics and duration of
stimulation

Table 4. Articles about inflammation and PEMFs. In vivo and in vitro studies.
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1) Cells;
2) Cells + PEMF;
3) Cells + A2A agonist/A3 agonist;
4) Cells + A2A agonist/A3 agonist+ PEMF
1) Cells;
2) Cells + PEMF;
3) Cells + A2A/A3 agonists;
4) Cells + A2A/A3 agonists + PEMF;
5) Cells + IL1β;
6) Cells + A2A/A3agonists + IL1β;
7) Cells + A2A/A3agonists + IL1β + PEMF
1) Cells;
2) Cells + PEMF;
3) Cells +A2A/A3 agonists;
4) Cells +A2A/A3 agonists + PEMF;
7) Cells + IL1β;
8) Cells + IL1β + PEMF;
9) Cells + IL1β + A2A/A3agonists;
10) Cells + IL1β + A2A/A3agonists + PEMF
1) Cerebralcortex/cerebralcortex
membrane/corticalneurons
2) Cerebralcortex/cerebralcortex membrane/corticalneurons + PEMF

SFs and chondrocytes from bovine metacarpophalangeal joints
(14-18 mo old)

hFOB 1.19;
T/C-28a2

SFs from 23 OA patients (44-88
yrs old)

Cerebral cortex, cerebral cortex
membrane and cortical neurons
from male Sprague Dawley rats
(150-180 gr)

81

82

↑ A2A, A3 receptor levels; ↑ cAMP levels (on cells
treated with A2A agonist); ↓cAMP (on cells treated
with A3 agonist); ↓ PGE2, IL6, IL8, ↑ IL10 (on cells
treated with A2A agonist and IL1β)

↑ A2A receptor density and expression

Frequency: 75 Hz
Intensity: 2.5 mT
Duration: 24 hrs

Frequency: 75 Hz
Intensity: 1.5 or 3 mT
Duration: 0, 2, 4, 6, 8 hrs

79

↑ A2A and A3 levels; ↑ cAMP levels, cell proliferation (on cells treated with A2A agonist); ↓ cell
proliferation (on cells treated with A3 agonist)

↑ A2A, A3 receptor levels; ↑ cAMP, cell prolifera80
tion (on cells treated with A2A agonist); ↓ cAMP
(on cells treated with A3 agonist); ↓ IL6, IL8, PGE2,
VEGF, NF-kB (on cells treated with A2A and A3
agonists and IL1β)

Ref

PEMF effects

Frequency: 75 Hz
Intensity: 1.5 and 2.5 mT
Duration: 24 hrs

Frequency: 75 Hz
Intensity: 1.5 mT
Duration: 24 hrs

PEMF characteristics and duration of
stimulation

Abbreviations: AA = adenosine agonist; ADA = adenosine deaminase; AIA = adjuvant induced arthritis; ALP = alkaline phosphatase protein; Alpl = alkaline phosphatase gene; Bglap = osteocalcin
gene; Bglap2 = osteocalcin gene; BMD = bone mineral density; Bmp2 = bone morphogenetic protein 2 gene; BMP2 = bone morphogenetic protein 2 protein; Ca = calcium; cAMP = cyclic adenosine
monophosphate; CaP = calcium phosphate; Car2 = carbonic anhydrase II; CAT = chloramphenicalacetyltransferase; CD = Crohn’sdisease; COL1a1 = collagen I gene; COLL I = collagen I protein;
COLL III = collagen III protein; CSF = cerebrospinal fluid; CT = calcitonin-treated; Ctnnb1 = β-catenin gene; CTX-I = cross linked C-tTelopeptide of type I collagen protein; DCN = decorinprotein;
Dexa = dexamethasone; Dkk1 = Dickkopf-related protein 1 gene; dMCAO = distal middle cerebral artery occlusion; DOP = disuseosteoporosis; E2 = estradiol; ECM = extracellularmatrix; G6PD
= Glucose-6-phosphate 1-dehydrogenase; GPx = glutathione peroxidase; GSH = glutathione; h = hour; HDF = human dermal fibroblasts; HEK = human epidermal keratinocytes; hFOB 1.19 cells
= human fetal osteoblastic cells; HMNC = human mononuclear cells; HMOX1 and 2 = hemeoxygenase 1 and 2 protein; HU = hindlimb-unloaded; Igf1 = insulin-like growth factor 1 gene; IL10
= interleukin 10 gene; IL10 = interleukin 10 protein; IL1a = interleukin 1α gene; IL1b = interleukin 1β gene; IL1β = interleukin 1β protein; IL6 = interleukin 6 protein; IL8 = interleukin 8 protein;
INFγ = interferon γ; LPS = lipopolysaccharide; Lrp5 = low-density lipoprotein receptor-related protein 5 gene; MDA = melanoma differentiation-associated protein 5; MG63 = human osteosarcoma
cell line; min = minutes; MK = midkine; mMC3T3-E1 = mouse osteoblastic cell line; mo = months; Myc = avian myelocytomatosis virus oncogene cellular homolog gene; NF-kB = nuclear factor
kappa-light-chain-enhancer of activated B cells protein; NOX1 = NADPH oxidase 1 protein; OBs = osteoblasts; OCN = osteocalcin protein; OCs = osteoclasts; OPG = osteoprotegerin; OPN = osteopontin protein; OVX = ovariectomized; P1NP = type 1 procollagen protein; PBMCs = peripheral blood mononuclear cells; p-CREB = phosphorylated cAMP response element-binding protein;
p-eNOS = phopsohrilated endothelial nitric oxide synthase; p-ERK1/2 = phosphorylate dextracellular-signal-regulated kinases; PGES = prostaglandin E synthase protein; PGE2 = prostaglandin E2
protein; PHA = phytohemaglutynin; PHG = growth arrest-specific protein 1 homolog; p-IRS-1 = phosphorilated insulin receptor substrate 1; PKA = protein kinase A; PKC = protein kinase C; PLC
= phospholipase C; PLGA = poly(lactide-co-glycolide); p-mTOR = posphorilated mammalian target of rapamycin; p-p70 S6 Kinase = phosphorilated ribosomal protein S6 kinase beta-1; p-S6 =
phosphorylated ribosomal protein S6; Ptgs1 = COX1 gene; Ptgs2 = COX2 gene; PTH = parathyroid hormone; PU = crosslinked polyurethane scaffold; RANKL = receptor activator of nuclear factor
kappa-B ligand; Runx2 = runt-related transcription factor 2 gene; s = seconds; SAOS-2 = sarcoma osteogenic cell line; SFs = sinovial fluid cells; T/C-28a2 = human chondrocytes cell line; TGF-β1 =
transforming growth factor β1 protein; Ti = titanium; TiZr = titanium-zirconium; Tnfaip3 = TNF-α gene; Tnfrsf11b = osteoprotegerin gene; Tnfsf11 = RANKL gene; TNF-α = tumor necrosis factorα;
TRACP5b = tartrate-resistant acid phosphatase 5b protein; UMR106-01 = rat osteogenic cell line; VEGF = vascular endothelial growth factor protein; wk = week; Wnt1 = wingless-type MMTV integration site family, member 1 gene; WNT3a = wingless-type mouse mammary tumor virus integration site gene; yrs = years

Groups

Animals or cells

Table 4 con’t. Articles about inflammation and PEMFs. In vivo and in vitro studies.
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to proliferate (74), increasing the anti-inflammatory
cytokine IL10 in Crohn-derived cells stimulated with
PEMFs compared to non-stimulated cells.
Similarly, IL1β and TNF-α decreased in fibroblastlike cells derived from MNC of healthy donors or in
macrophages cell lines (RAW 264.7) (75,76), increasing
the anti-inflammatory cytokine IL10 (76) after PEMF
application.
RAW 264.7 cells, relevant because of the involvement of macrophages in the inflammatory process,
were treated with LPS and stimulated with 7 different
PEMF frequencies (5.1, 7.8, 10.8, 15.6, 20.8, 23.4, and 30
Hz): the authors concluded that 5.1 Hz stimulation reduced TNF-α, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and A20 (tumor necrosis
factor-alpha induced protein 3), in comparison to nonstimulated cells or cells treated with LPS (75).
In human dermal fibroblasts (HDF), epidermal
keratinocytes (HEK), and MNCs, PEMFs increased the
expression of heme oxygenase-1 (HOX1), IL10, NADPH
oxidase 1 (NOX1), and prostaglandin E synthase (PGES),
but reduced the expression of IL1β (77), probably to limit the inflammatory phenomenon and avoid a chronic
condition.
In order to understand the cell molecular response
to PEMF stimulation in an inflammatory disease, 5 in
vitro studies looked at the behavior of adenosine receptors in synovial fibroblasts, chondrocytes, OBs, cerebral
cortex, cerebral cortex membrane and cortical neurons
(78-82).
Some authors evaluated the density of 4 different
adenosine receptors (A1, A2A, A2B, and A3), observing that PEMF increased the number of A2A and A3 in
healthy bovine synovial fibroblasts and chondrocytes,
human fetal OBs and chondrocyte cell lines, and human synovial fibroblasts harvested from osteoarthritic
patients (79-81). One study observed an increase in A2A
also in the cerebral cortex, cerebral cortex membrane,
and cortical neurons (82).
The levels of cyclic adenosine monophosphate
(cAMP) increased with the addition of A2A agonist
(80,81), and the association of A2A agonist and PEMFs
increased cAMP levels even more in comparison to cells
treated with or without A2A agonist (79-81), highlighting the role of cAMP as mediator of adenosine receptors activation.
One of the most important aspects related to inflammation, as already mentioned, is the production of
prostaglandins. The release of PGE2 and the expression
of cyclooxygenase-2 (COX-2) were reduced by A2A ade-
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nosine agonist and PEMFs in bovine synovial fibroblasts
treated with TNF-α or LPS (78,79), in human fetal OBs
and chondrocytes (80,81), and in human osteoarthritic
synovial fibroblasts (81) stimulated with IL1β. In addition, PEMFs with or without A2A and A3 agonists reduced IL6 and IL8 while increased IL10 in osteoarthritic
human synovial fibroblasts (81). Finally, PEMFs in presence of A2A and A3 agonists reduced IL6, IL8, vascular
endothelial growth factor (VEGF), and NF-kB in human
OBs (80,81) (Table 4).

Discussion
The lack of a unique clinical picture and exhaustive
knowledge about CRPS-I and its often-unresolved painful course, induced the authors to carry out this review
based on the cornerstones of this morbid condition: inflammation and OP, starting from observations about
the behavior of OBs and OCs and referring to the few
animal models useful for this purpose.
Current therapeutic approaches are based on the
integrated use of physical therapy, occupational therapy, psychological and behavioral approaches, and
medications (anti-inflammatory drugs and painkillers,
anticonvulsants, antidepressants, opioids, calcitonin,
bisphosphonates, dimethyl sulfoxide-DMSO) (8) and on
more invasive procedures such as nerve blocks, spinal
cord stimulation, up to simpaticectomy.
At present, none of these treatments seem to be
able to guarantee full success in 100% of cases of CRPSI. A recent review by Smart et al (83), focusing on physiatric measures, revealed that there was a low level of
evidence on the use of mirror therapy, graded motor
imagery (GMI), and PEMF, and absence of evidence on
pain regarding other procedures.
The analyzed studies of the present review demonstrated the substantial ability of PEMFs to enhance both
proliferation and differentiation of OBs, by stimulating
key anabolic bone proteins and by inhibiting matrix degrading enzymes (34,40-58). Bone resorption also appeared inhibited by means of an increased OPG/RANKL
ratio, an increased OC apoptosis, and the down regulation of CA II gene expression (59,60).
The main genes and relative proteins stimulated
by PEMFs in OBs seemed to include both regulatory
and structural proteins. It is well known that the early
differentiation phase consists in the secretion of COLL
I and ALP (respectively the principal constitutive protein of the matrix and the co-factor of matrix synthesis
and hydroxyapathyte deposition) regulated by RUNX-2
transcriptional factor. Subsequently, other fundamental
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proteins take over during the later phase, to complete
ECM synthesis, collagen calcification, and final mineralization (41,55,56).
Subsequently and under the effect of OSX as transcriptional factor, other fundamental proteins take
over during the later phase: SPARC, involved in eECM
synthesis and required for calcification of collagen, and
OCN, secreted by mature OBs and binding with high affinity to mineralized matrix (39,53,54).
In both these phases the Wnt signaling pathway
is crucial, as it promotes osteoblastogenesis in terms
of cell proliferation, differentiation, mineralization of
OBs, and apoptosis inhibition, and it also suppresses
adipogenesis of BMSCs (84). The involvements of the
activated canonical Wnt pathway are manifold on osteoblastogenesis: it promotes proliferation and differentiation of BMSCs, up-regulates OPG, enhances mineralization of OBs, and suppresses their apoptosis (84).
The listed actions are performed involving FZD
proteins: the principal receptors for the Wnt family of
ligands, together with Lrp5 and Lrp6 coreceptors and
β-catenin in the canonical way (84).
Numerous studies have already investigated this aspect in vivo, observing improved histological features,
such as Tb.N, Tb.Th, Tb.Sp, BV/TV, and BMD, confirming the positive effects of PEMFs in osteoporotic animal
models (61-68).
Based on the same analogous principle applied to
OP, the inflammatory aspect of CRPS-I was taken into
account by observing the role of PEMFs in several diseases, which present important inflammatory aspects,
and on cells typically involved in the inflammatory process (69-77).
PEMFs showed no detrimental effects, in particular oxidative damages, on the analyzed blood derived
healthy cells. Secondly, in inflamed environments the
level of NO and PGE2, usually considered markers of
inflammatory reaction, appeared decreased except in
the paper by Kubat et al (77), who observed an increase
of PGES. Kubat et al explained this phenomenon as a
necessary switch between pro-inflammatory phase and
resolution of inflammation, to avoid a chronic state. In
particular, the induction of pro-resolving lipid mediators (e.g., resolvins)via a PGES/lipoxygenase–mediated
pathway was the hypothesized biological way to overcome the inflammatory condition (77).
In other studies performed on pro-inflammatory
cytokines, both in vitro and in vivo, the decrease of
these markers was evident after PEMF treatment, and
in parallel with the increase of IL-10, a typical anti-in-
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flammatory cytokine. Numerous researchers have already examined the cellular mechanism through which
PEMFs carry out their anti-inflammatory action: the
main players are well known to be adenosine receptors A2A and A3, present on chondrocytes, fibroblasts,
and even neurons (78-82). These receptors increase after PEMF stimulation, thereby inducing the increase of
cAMP levels, known as middle cellular molecule (85).
It is interesting to observe how the positive effects
of PEMFs are evident in both acute and chronic inflammatory diseases, making this approach broadly applicable to numerous clinical presentations.
Next to these considerations, however, the role of
the physical parameters of PEMFs should not be underestimated, such as intensity, frequency, and time of
treatment. Only 2 papers (34,43) compared different
intensities in vitro (all performed on rat calvaria OBs),
while many papers compared exposure times, pointing out the role of these elements on different results
obtained in term of OB proliferation and ALP activity,
but also in term of their timing. Conversely, only one
study compared different intensities of PEMFs applied
to RAW cultures (75), to evaluate some inflammatory
parameters.
The findings from the literature are currently quite
poor in terms of clinical trials and there is only an example where the effect of PEMFs in combination with
calcitonin and stretching was compared with calcitonin,
stretching, and placebo. Cochrane, however, considers
this trial as low quality evidence (83).
It would be desirable to standardize the experimental conditions to derive the impact of the single parameter on the various cell types more precisely. However, the lack of homogeneity observed in the literature
could be useful to confirm a substantial positive effect
of PEMFs on OB activity and inflammation.
The results of the studies, analyzed in this review,
represent the rationale for the proposed clinical use of
PEMFs in CRPS-I, especially considering the many effects
that this type of treatment appears to have on OBs,
OCs, and inflammation through adenosine receptors.
Controlling the inflammatory microenvironment can be
important for the success of any treatment targeting
both pain and bone metabolism.
The interest should now be directed to the development of clinical trials which can provide adequate
evidence, especially regarding the possibility of using
PEMFs not as a single treatment, but in combination
with other therapeutic measures.
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