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Abstract Aims/hypothesis: The largely unsatisfactory
results reported for the pharmacological treatment of diabetic neuropathy has spurred the search for alternative
therapies. The aim of this study was to evaluate the efficacy
of frequency-modulated electromagnetic neural stimulation (FREMS) as a novel treatment for painful diabetic
neuropathy. Methods: Patients (n=31) with painful neuropathy associated with decreased nerve conduction velocity (<40 m/s) and increased vibration perception threshold
(>25 V) were enrolled in a randomised, double-blind,
crossover study designed to compare the effects of FREMS
with those of placebo. Each patient received two series of
ten treatments of either FREMS or placebo in random sequence, with each series lasting no more than 3 weeks. The
primary efficacy end point was the change in pain measured by a visual analogue scale (VAS). Results: FREMS
induced a significant reduction in daytime and night-time
VAS pain score (all p<0.02). Furthermore, FREMS induced
a significant increase in sensory tactile perception, as assessed by monofilament; a decrease in foot vibration perception threshold, as measured by a biothesiometer; and
an increase in motor nerve conduction velocity (all p<0.01).
No significant changes were observed after placebo. Comparison of measurements at the 4-month follow-up with
those at baseline revealed that a significant benefit persisted
for all measures that showed an improvement at the end
of treatment, with an additional improvement in quality
of life evaluated by the Short Form-36 questionnaire (all
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p< 0.05). No significant side effects were recorded during
the study. Conclusions/interpretation: FREMS is a safe
and effective therapy for neuropathic pain in patients with
diabetes and is able to modify some parameters of peripheral nerve function.
Keywords Clinical trial . Diabetes . Electromagnetic
stimulation . Painful neuropathy
Abbreviations FREMS: frequency-modulated
electromagnetic neural stimulation . MNCV: motor nerve
conduction velocity . SF36: Short Form-36 questionnaire .
SNCV: sensory nerve conduction velocity . TENS:
transcutaneous electrical nerve stimulation . VAS: visual
analogue scale . VEGF: vascular endothelial growth factor

Introduction
Peripheral neuropathy is a frequent and disabling microvascular complication of both type 1 and type 2 diabetes [1].
This condition may be prevented by good blood glucose
control [2]; however, it is at best halted, once established,
even after long-term blood glucose normalisation, such as
that observed following successful pancreas transplantation
[3, 4]. The pathological hallmarks of diabetic neuropathy
are microangiopathy of the vasa nervorum, loss of axons
and axonal atrophy, all of which are the result of a combination of different mechanisms of tissue damage that are
common to all long-term complications of diabetes [5].
The pharmacological treatment of diabetic neuropathy is
largely unsatisfactory, mainly due to a lack of drugs that act
on the underlying pathogenetic mechanisms. Aldose reductase inhibitors are among the few compounds with this
mode of action; however, the results of clinical trials performed to date have been disappointing [6]. Consequently,
current therapy is purely symptomatic, aiming to relieve the
pain associated with neuropathy through the administration
of various analgesics, tricyclic antidepressants, anti-arrhythmics [7] and, more recently, the new anti-epileptic agents
gabapentin [8] and lamotrigine [9], and opioids [10].
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Non-pharmacological symptomatic treatments have also
been proposed, including acupuncture [11], near-infrared
phototherapy [12], low-intensity laser therapy [13], static
and pulsed magnetic field therapies [14, 15], and various
electrotherapies, including transcutaneous electrical nerve
stimulation (TENS) [16, 17], percutaneous electrical nerve
stimulation [18] and spinal cord electrostimulation [19].
The rationale for the use of electrical nerve stimulation in
diabetic neuropathy is based on its historical, though controversial, use in various painful clinical conditions [20] and
on some beneficial effects reported in the treatment of other
diabetic complications, such as foot ulcers [21].
Frequency-modulated electromagnetic neural stimulation (FREMS) has recently been developed as a novel electrotherapy. This method is different from TENS and other
known electrotherapy systems, as it uses sequences of modulated electrical stimuli that vary automatically in terms
of pulse frequency, duration and voltage amplitude. The
FREMS method was designed on the basis of the hypothesis that the summation of sub-threshold electrical stimuli,
conveyed through the skin proximal to a motor nerve in a
non-invasive system, would induce composite motor action
potentials in excitable tissues. A single impulse of low intensity and short duration, such as that used by conventional
electrotherapies, is unable to overcome the dielectric skin
barrier to excite the underlying nervous or muscular tissue.
However, FREMS achieves this effect through specific
sequences of weak impulses, characterised by a rapid increase and decrease in pulse frequency and duration, which
result in the gradual recruitment of membrane potentials in
the stimulated tissues [22].
These characteristics prompted us to evaluate the therapeutic potential of FREMS in human diabetic neuropathy.
In this paper we report the results of a two-centre, randomised, double-blind, placebo-controlled, crossover clinical
trial on FREMS treatment of patients with painful diabetic
neuropathy.

Subjects and methods
Study design and end points The study had a randomised,
double-blind, placebo-controlled, crossover design. The primary end point was the change in grading of daytime and
night-time pain, as assessed using a visual analogue scale
(VAS). Secondary end points were changes in: sensitivity to
monofilament; vibration perception threshold, as measured
by a biothesiometer; quality of life, as assessed by questionnaire; motor nerve conduction velocity (MNCV); and sensory nerve conduction velocity (SNCV). The treatment
consisted of ten sessions of placebo followed by ten sessions
of FREMS (sequence 1) or vice versa (sequence 2) at random, separated by a wash-out period of 1 week. Each treatment session was administered at intervals of at least 24 h,
and each ten-session series lasted no more than 3 weeks.
Randomisation to sequence 1 or sequence 2 was performed
centrally at the time of enrolment. Principal investigators,
physicians, nurses, technicians and statisticians were unaware of treatment assignment.

Characteristics of FREMS Treatment with FREMS was
performed using sequences of monophase-compensated
negative potential electrical pulses that are characterised by
a sharp spike and an asymmetrical shape (peak amplitude
variable from 0–255 V, pulse frequency variable within the
range 1–50 Hz, pulse duration variable within the range
10–40 μs).
Administration of FREMS and placebo Electrotherapy and
placebo were administered using the Physioflog ETS 501
(Lorenz Therapy System; Lorenz Biotech, Medolla, Italy)
via four electrodes applied to the lower extremities; the
original device was modified by the addition of a switch to
apply treatment A (later revealed to be placebo) or treatment
B (later revealed to be FREMS). Each session of either
placebo or FREMS lasted for 30 min. Placebo consisted of
no electric current transmission. This placebo was chosen
after a preliminary study had shown that patients with a
vibration perception threshold higher than 25 V effectively
had no perception of the electrical stimuli administered by
the FREMS device (data not shown). These findings were in
accordance with those reported by two other studies showing a direct correlation between vibration perception threshold measured by a biothesiometer and current perception
threshold measured by a Neurometer (Neurotron, Baltimore,
MD, USA) across the same range of frequencies used by
FREMS [23, 24]. During sessions of either placebo or
FREMS, patients were invited to modulate the delivery of
neurostimulation themselves, by progressively increasing
the voltage of electrical stimulation along a scale of 0–255
V through a manually gradable remote control device that
increased the voltage by 1 V per step up to the maximal
allowed, which corresponded to the possible perception of
burning at the site of the electrode.
Subjects Patients who met the following criteria were
invited to participate in the study: (1) type 1 or type 2 diabetes according to American Diabetes Association criteria
[25]; (2) age between 18 and 70 years; (3) painful diabetic
neuropathy with reduced sensory and/or MNCV (<40 m/s
in at least one nerve trunk of lower limbs); and (4) vibration
perception at big toe >25 V. Exclusion criteria were: (1) the
presence of any other severe disease; (2) pregnancy; (3)
renal disease with serum creatinine levels >1.77 μmol/l; (4)
a history or actual presence of foot ulcers; and (5) lower
limb vasculopathy as indicated by an ankle-brachial index
<0.9 or a transcutaneous partial pressure of oxygen <50
mmHg. Any analgesic or other drug administered for the
chronic treatment of painful neuropathy was discontinued at
least 3 weeks before randomisation. Patients were enrolled
at two centres: Milan and Perugia. The study protocol was
approved by the ethics committees of San Raffaele University Hospital and Perugia University Hospital, and written informed consent was obtained from all patients prior to
enrolment.
Clinical assessments Patients were evaluated four times: at
baseline, at the end of each series, and 4 months after the
completion of the study. Each patient saw the same phy-
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sician for the clinical examination, the administration of
questionnaires and the assessment of side effects; two neurophysiologists, one in Milan and one in Perugia, performed
electroneurography examinations.
Outcome measures The parameters described below were
measured on four occasions. Daytime and night-time pain
were measured by a 0–100 VAS (results expressed as absolute numbers) [26]. Tactile sensation was assessed by the
5.07 (10 g) Semmes–Weinstein monofilament test (the
number of insensitive areas in the two feet out of nine standard areas per foot—the first, third and fifth finger and
respective metatarsal heads, two mid-foot points and heel—
are assessed; only data for the right foot were considered for
analysis) [27]. Foot vibration perception threshold was
measured using a biothesiometer (Bio-Medical Instrument
Company, Newbury, OH, USA) [28]. Electroneurography
was used to measure MNCV and SNCV in m/sec according
to the standard procedure [29]; a Micromed System 98 was
used in Milan (Myoquick, Treviso, Italy), whereas a Medelec
Premier Plus (TECA, NY, USA) was used in Perugia.
MNCV was measured in the peroneal nerve and SNCV was
measured antidromically in the sural nerve. Quality of life
was assessed using the Short Form-36 questionnaire (SF36)
[30]. The SF36, which was originally used to assess health
status in the Medical Outcomes Study, was calculated on a
total of 142 levels, where the highest score represents the
highest quality of life. The scale covers the following eight
domains: general health; physical functioning; role limitation due to physical and social functioning; social functioning; bodily pain; general mental health; role limitation due
to emotional problems; and vitality. HbA1c was measured

Table 1 Characteristics of the
patients at baseline

VPT vibration perception
threshold; VAS visual analogue
scale; MNCV motor nerve conduction velocity; SNCV sensory
nerve conduction velocity; SF36
Short Form-36 questionnaire

locally by ionic exchange HPLC (Variant 2; Biorad, Milan,
Italy) at baseline and at the end of the two treatment series.
Statistical analysis The ANOVA test for repeated measures
was used to analyse changes in all variables. A Neuman–
Keuls multiple comparison test was used in post-test analyses. A crossover model was used to evaluate both the
carryover and treatment effects [31]. A paired t-test was
used to analyse the changes in all variables during FREMS
or placebo. Descriptive statistics are reported as means±SE.
Comparison of the effects of FREMS with those of placebo
were made using all FREMS and placebo series. In addition, the effect of FREMS at 4-month follow-up was
analysed by comparison with baseline values. A p value less
than 0.05 was considered statistically significant.

Results
Subjects Between October 2001 and December 2003, 38
patients were screened and 31 were enrolled in the study
and randomised to sequence 1 or sequence 2. The characteristics of the two sequence assignment groups were not
significantly different at baseline (Table 1). MNCV was
measured in 26 patients and SNCV was measured in 15
patients, due to unrecordable nerve action potentials in the
remainder, and the results of the Semmes–Weinstein monofilament test were only recorded for the 12 patients enrolled
in Milan. Data analysis was based on 31 patients for all
other measures. Although no specific attempts were made
to improve diabetes control during the study, HbA1c significantly decreased from baseline to the end of FREMS and

Characteristic

Sequence 1

Sequence 2

Age (years)
Duration of diabetes (years)
Type of diabetes (type 1/type 2)
Diabetes management (insulin/oral agents/diet)
n
HbA1c (%)
n
VAS daytime pain score
n
VAS night-time pain score
n
VPT (V)
n
Monofilament (out of nine standard areas)
n
MNCV (m/s)
n
SNCV (m/s)
n
SF36
n

63.1±3.1
15.9±3.0
3/12
5/10/0
15
8.3±0.4
15
32.3±6.8
15
36.3±6.3
15
35.1±2.3
15
5.9±1.4
6
36.1±1.4
13
26.7±3.7
7
103.5±2.1
15

59.2±3.1
16.6±2.7
5/11
8/7/1
16
8.2±0.3
16
41.4±8.0
16
45.5±8.2
16
36.0±2.3
16
5.7±1.1
6
35.0±2.0
13
29.2±4.6
8
103.8±2.2
16

p value
0.1863
0.9038

0.9555
0.9034
0.727
0.7836
0.7566
0.2031
0.93
0.3755
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Table 2 Effect of treatment with FREMS or placebo
n

Placebo
Pre-treatment

VAS daytime pain score
VAS night-time pain score
VPT (V)
Monofilament (out of nine standard areas)
MNCV (m/s)
SNCV (m/s)
SF36

31
31
31
12
26
15
31

31.2±3.9
33.3±3.8
34.7±1.6
5.1±0.9
37.2±1.2
31.9±2.1
104.4±1.5

p value
Post-treatment

FREMS

p value

Pre-treatment

31.9±4.2
30.4±4.2
34.2±1.6
5.2±0.9
37.4±1.4
30.2±2.7
105.9±1.5

ns
ns
ns
ns
ns
ns
ns

37.1±5.3
38.1±5.5
35.5±1.6
5.8±0.8
35.7±1.3
30.4±2.9
103.7±1.5

Post-treatment
26.2±3.9
28.5±3.8
33.4±1.6
4.6±0.9
40.5±1.8
33.0±2.3
105.6±1.3

0.0025
0.0107
0.0001
0.0077
0.0019
ns
ns

VPT vibration perception threshold; VAS visual analogue scale; MNCV motor nerve conduction velocity; SNCV sensory nerve conduction
velocity; SF36 Short Form-36 questionnaire

placebo sequences (8.5±0.3 vs 7.9±0.2%, p=0.001), most
likely as a trial effect.
Efficacy Within-treatment analysis showed that, following
FREMS treatment, there was a significant decrease in daytime pain score (p=0.0025) and night-time pain score (p=
0.0107), a significant decrease in the number of points
insensitive to the Semmes–Weinstein monofilament (p=
0.0077), a significant decrease in the vibration perception
threshold (p=0.0001), and a significant increase in MNCV
(p=0.0019). Non-significant trends towards improvements
in quality of life and SNCV were also observed after FREMS.
None of the outcome measures changed significantly during
treatment with placebo (Table 2). No carryover effect was
evident within the crossover analysis.
When compared with baseline measurements, the results
of the 4-month follow-up showed the persistence of statistically significant changes in all the parameters modified
by FREMS during treatment, including: daytime pain score
(p<0.01); night-time pain score (p<0.01); vibration perception threshold (p<0.05); sensory perception, as assessed by
monofilament (p<0.001); and MNCV (p<0.05). In addition,
significant improvements were observed for overall quality
of life (p<0.001); the domains for which significant im-

provements were observed were bodily pain, social functioning, physical functioning, role limitation to physical and
social functioning, and general mental health (all p<0.05),
while no significant improvement was shown in general
health perception, role limitation to emotional problems, or
vitality (Table 3). A non-significant trend towards improvement of SNCV was also observed.
Safety No systemic side effects were recorded during the
study. Patients reported only a very slight burning sensation at the site of electrode placement during the series of
treatments later revealed as FREMS, with no residual skin
signs. No particular perception was recorded during placebo
sessions.

Discussion
We have demonstrated that FREMS is a safe and effective
therapy for neuropathic pain in diabetic patients with peripheral neuropathy and that it is able to modify some of the
parameters of peripheral nerve function. The results of our
two-centre, randomised, double-blind, placebo-controlled,

Table 3 Comparison of results
at 4 months with baseline values

VPT vibration perception
threshold; VAS visual analogue
scale; MNCV motor nerve conduction velocity; SNCV sensory
nerve conduction velocity; SF36
Short Form-36 questionnaire

n
VAS daytime pain score
VAS night-time pain score
VPT
Monofilament
MNCV (m/s)
SNCV (m/s)
SF36
General health
Physical functioning
Role limitation due to physical and social
functioning
Social functioning
Bodily pain
General mental health
Role limitation due to emotional problems
Vitality and health perception

Baseline
31 37.0±5.3
31 41.1±5.2
31 35.6±1.6
12
5.8±0.8
26 35.5±1.2
15 26.6±2.8
31 103.6±1.5
31
4.9±0.3
31 23.1±0.9
31
6.1±0.3
31
31
31
31
31

8.5±0.4
6.2±0.4
37.9±0.7
3.5±0.2
13.4±0.3

4-month follow-up

p value

25.1±4.2
26.5±3.9
31.7±1.8
4.7±0.9
38.7±1.4
33.1±3.1
107.9±1.2
4.9±0.2
25.0±0.7
6.6±0.3

<0.01
<0.01
<0.05
<0.01
<0.05
ns
<0.001
ns
<0.05
<0.01

9.2±0.3
6.8±0.3
39.0±0.5
3.4±0.1
13.0±0.4

<0.05
<0.05
<0.05
ns
ns
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crossover clinical trial show that the beneficial effect of
FREMS is superior to any placebo influence.
Therapy for neuropathic pain is generally based on analgesic drugs, but the frequency of side effects and the lack of
efficacy of these agents in a significant proportion of cases
has spurred the search for non-pharmacological treatments.
FREMS is significantly different from other known electrotherapy systems because of the modulation of the frequency, amplitude and duration of the electrical stimuli. At
the end of FREMS sessions, we observed a significant reduction of pain (up to −29% for daytime pain and −25% for
night-time pain as measured by a VAS). As expected, some
pain reduction was also observed after placebo, although
the reduction was only statistically significant after FREMS.
This non-invasive treatment was demonstrated to be safe
and was not associated with any side effects. Although the
study was blind, patients reported some perceptions at the site
of electrode placement during several sessions of the treatment later revealed as FREMS; this did not happen during
sessions later revealed as placebo. However, it is unlikely
that these subjective perceptions influenced the study, since
neither the patients nor the investigators were aware of
whether the placebo was a nonsense electrical stimulation
or a lack of stimulation. At most, only a marginal influence
on some of the less objective measures, such as tactile or
vibration perceptions, might be hypothesised. Our results
also demonstrate that the efficacy of FREMS is maintained
for at least 4 months, as both daytime and night-time pain
remained significantly reduced compared with baseline at
the 4-month follow-up. This finding could be specific to
FREMS, since none of the non-pharmacological treatments
for painful diabetic neuropathy investigated to date have
reported a beneficial effect lasting for more than a few weeks.
Our results add to increasing evidence suggesting that nonpharmacological tools may be useful in the treatment of
neuropathic pain. Of these modalities, FREMS could be
particularly advantageous in terms of effect duration.
In our study, in addition to its analgesic effect, FREMS
was shown to improve several other functional peripheral
nerve parameters. On average, at the end of active treatment, MNCV was increased by almost 5 m/s; vibration
perception threshold, as measured by a biothesiometer, was
reduced by more than 2 V; and the number of foot points
insensitive to the Semmes–Weinstein monofilament was
decreased by 1.2. Although the monofilament observation
is limited by the small number of patients assessed, these
findings demonstrate that peripheral nerve function is ameliorated after treatment with FREMS. It is unlikely that these
findings are the result of the observed improvement in blood
glucose control, indicated by the significant decrease in
HbA1c during the study. As demonstrated by the Diabetes
Control and Complications Trial [2] and in studies on pancreas transplant patients [3, 4], strict glucose control is able
to prevent or halt the progression of an already established
peripheral neuropathy. However, such effects are seen over
a long period of time, whereas in this study the symptomatic
improvement induced by FREMS was measurable during
the 3 weeks of active treatment.

The extent to which the MNCV increased during the
study was remarkable: a ∼5-m/s increase was observed at
the end of FREMS treatment and a >3-m/s increase was
maintained at the 4-month follow-up. A meta-analysis of
clinical studies using aldose reductase inhibitors, which included 19 clinical trials using four different drugs, reported
a reduction of 0.53 m/s in the rate of decrease of peroneal
nerve conduction velocity over a median period of 6 months
[32]. According to our results, FREMS appears to be superior to these pharmacological agents. Furthermore, the improvement obtained after FREMS is greater than 2.2 m/s,
the value indicated by the Peripheral Nerve Society as the
minimal increase in peroneal nerve conduction velocity at
which clinical amelioration can be appreciated [33].
The mechanism of action of FREMS was not investigated in this study, and can therefore only be speculated
upon. Based on a number of assumptions, an attractive hypothesis is that FREMS stimulates the release of vasoactive
factors, which results in an increase in endoneural blood
flow, thus reversing the endoneural microvessel disease and
associated nerve hypoxia. Indirect findings that may be
related to the effects of FREMS include: (1) the induction of
the synthesis of vascular endothelial growth factor (VEGF)
and other angiogenic factors and angiogenesis promotion
by different electrical [34–36] or electromagnetic [37] stimuli; (2) the reversal of diabetic neuropathy in an experimental
model by VEGF gene transfer [38]; (3) increased conduction velocity mediated by an increase in endoneural blood
flow after electrical stimulation of peripheral nerves in a
model of experimental diabetic neuropathy [39]; and (4)
increased nerve conduction velocity after an improvement
in blood flow in the lower limbs, achieved through either
revascularisation [40] or physical exercise [41]. Alternatively, FREMS might act on neuron sodium channels. Recent evidence suggests that sodium channel expression in
primary sensory neurons is altered in diabetic neuropathy
[42], indicating a possible molecular basis for neuropathic
pain. Given the evidence that exogenous electric fields induce cellular responses that involve the redistribution of
integral membrane proteins, including calcium channels
[43], a similar effect on sodium channels may be hypothesised. It is noteworthy that the subjects enrolled in our
study were affected by relatively severe neuropathy, which
is normally associated with a decrease in the number of
myelin fibres and altered endoneural vessels. Thus, it is
likely that the observed improvements in MNCV and vibration perception threshold at the end of FREMS treatment
simply reflect some functional changes of the nerve; structural changes may only occur at a later stage, possibly providing the basis for the long-term effects of this therapy.
Nonetheless, studies on experimental models of neuropathy
are needed in order to clarify the mechanisms that underlie
the effects of FREMS.
In conclusion, the results of this controlled clinical trial
demonstrate the analgesic efficacy of FREMS, and show
additional beneficial effects of this novel electrotherapy on
peripheral nerve function in patients with peripheral diabetic
neuropathy. If confirmed in a larger series of cases, and
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possibly in a multicentre study, these findings may offer
new perspectives for the treatment of diabetic neuropathy.
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