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An eight-week pulsed electromagnetic field
improves physical functional performance
and ankle-brachial index in men with Fontaine
stage II peripheral artery disease
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Abstract
Introduction: Peripheral artery disease (PAD) is a highly prevalent but insufficiently studied cardiovascular disease.
Apart from exercise training, little evidence supports the use of complementary therapies such as pulsed electromagnetic
field (PEMF) in PAD management despite its favorable cardiovascular effects. Therefore, this study aimed to assess effects of PEMF on treadmill walking performance and ankle-brachial index (ABI) in men with PAD.
Material and methods: Thirty male patients aged from 45 to 65 years with Fontaine stage II PAD were assigned to
two groups; an experimental and a control group. Exclusion criteria were: Fontaine stage I, III and IV PAD; contraindications to exposure to electromagnetic fields; coronary artery, heart or chest disease; and orthopedic/neurological limitations to treadmill exercise test. Both groups received pharmacological treatment and dietary instructions, but only the
experimental group received an eight-week PEMF (frequency: 15 Hz; intensity: 20 Gauss; duration: 60 minutes) three
sessions per week. A treadmill graded exercise test (GXT) was performed at baseline and post-intervention. The primary
outcomes were walking parameters derived from the GXT (i.e., peak walk distance/walk time and pain-free walk distance/walk time), and the secondary outcome was the ABI.
Results: The experimental group showed significant improvements in the GXT outcomes compared to baseline and
controls (p < 0.01), and a significant increase in the ABI compared to baseline (p < 0.01) that approached significance
compared to the controls (p = 0.012).
Conclusions: PEMF therapy could be suggested as a beneficially rehabilitative intervention, complementary to pharmacological treatment and dietary advice, that could help improve physical functional performance and ABI in men with
Fontaine stage II PAD.

Keywords: peripheral artery disease, ankle-brachial index, graded exercise test,
pulsed electromagnetic field, physical functional performance
Introduction
Peripheral artery disease (PAD) is one of the major cardiovascular diseases and represents the clinical

presentation of atherosclerosis in the arteries of the
lower limbs [1]. The global numbers of PAD cases
and deaths have risen constantly each year from 1990
to 2019, nevertheless, PAD is inadequately recognized
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compared to other cardiovascular diseases and insufficiently studied [2]. Intermittent claudication is a common symptom in PAD characterized by cramps or pain
in the muscles of the lower extremities during walking
or exercise and is associated with a marked reduction
in walking ability and/or physical functional performance [3]. Walking exercise is strongly recommended by
almost all national and international guidelines as the
first-choice lifestyle therapy for patients with PAD and
intermittent claudication [4]. However, it is not uncommon that patients with PAD could have limited walking ability because of the severity of the intermittent
claudication itself or other comorbid health concerns
hindering them from adherence to walking exercises,
therefore, alternate forms of therapy should be investigated for effectiveness in PAD.
The pulsed electromagnetic field (PEMF) has recently gained attention by researchers involved in the
realm of cardiovascular disease management, owing
to its multiple therapeutic benefits. There has been
considerable evidence supporting the cardiovascular
effects of PEMF in terms of stimulating angiogenesis and preserving cardiac function in rat models
with ischemic lesions [5,6], improving flow-mediated
dilatation and blood pressure in hypertensive subjects
[7], increasing nitric oxide bioavailability, and reducing blood pressure in metabolic syndrome [8], as well
as reducing the intimal medial thickness, increasing
blood flow velocity, and improving the ankle-brachial
index (ABI) in patients with PAD [9,10]. Yet, there
is insufficient evidence to support the functional outcomes of PEMF in terms of enhanced walking/physical functional performance in patients with PAD. One
recent study [10] has investigated the effects of PEMF
in combination with calf muscle exercises on maximum walking distance and maximal walk time in PAD
patients and has found significant improvements in
these variables.
Therefore, in order to further clarify the functional
outcomes of PEMF in PAD, the present study was conducted to assess the effects of PEMF, in combination
with pharmacological treatment and dietary instructions, on the walking parameters derived from treadmill graded exercise test (i.e., peak and pain-free walk
distance/walk time) as primary outcomes and the ABI
as a secondary outcome, compared to pharmacological treatment and dietary advice alone in male patients
with PAD and intermittent claudication. The results of
this study may aid efforts seeking a rehabilitative intervention alternative to exercising and complementary to
pharmacological treatment for men with PAD and intermittent claudication.
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Material and methods
This study was approved by the Ethics Committee
of Human Scientific Research with an approval number
of P.T.REC/012/002122. The Guidelines of the Declaration of Helsinki on the conduct of human research have
been followed. Written informed consent was obtained
from all participants.
Sample size calculation
The sample size was calculated based on an earlier
study [10], for the main outcome of the present study
[i.e., the peak walk distance (PWD)]. The power of the
present study was set at 90% and the level of significance was set at a p-value of < 0.01. The following formula was used for sample size detection: Sample size
(n) = 2 SD2 (Zα/2 + Zβ)2/d2, [11,12]. Where: Zα/2 = 2.58
for 2 tailed results at p < 0.01; Zβ = 1.28 for a power of
90%; SD = Standard Deviation (estimated largest SD of
the PWD) = 48.67 (meters) [10]; d = expected effect size
= average change of PWD in the study group – average
change of PWD in the control group = 127.8–48.33 =
79.47 (meters) [10]. Accordingly, sample size (n) = 2
(48.67)2 × (2.58 + 1.28)2 ÷ (79.47)2 = 11.17. To allow for
a 20–30% drop-out rate, four patients were also needed,
and the total sample size was calculated to be 15 patients per group.
Participants
Thirty male patients with PAD were recruited by
referral from a vascular specialist. The inclusion criteria were: diagnosis of PAD confirmed by an ABI at
rest of <0.9, Fontaine stage II PAD (a history of leg
pain), male patients, body mass index from 20 to 30
kg/m2, and age from 45 to 65 years. Exclusion criteria were: asymptomatic PAD, current smoking, resting leg pain, acute/critical limb ischemia, ischemic
trophic lesions, intermittent claudication of neurological or musculoskeletal origin, previous vascular surgery, uncontrolled hypertension, uncontrolled
diabetes, contraindications for PEMF therapy (e.g.,
malignancy, soft tissue or skin infection, or bleeding disorders), contraindications for graded exercise
test, and/or limitation in exercise tolerance by factors
other than leg pain (e.g., coronary artery disease, congestive heart failure, chest disease, or back/joint problems). The participants were assigned by consecutive
sampling into two equal groups; an experimental and
a control group. Both groups received the pharmacological treatment for PAD and dietary instructions,
whilst, the experimental group additionally received
the PEMF therapy.
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Measurements
The age, the claudication history, and the co-morbid conditions of patients were reported during history
taking. The body weight and height were measured at
the baseline by a digital weight/height scale (BYH01,
Health digital scale, made in china). The body mass index (BMI) of each patient was calculated as follows:
BMI = body weight in kilograms/ body height in meters
squared.
The Ankle-brachial index (ABI) was measured and
interpreted by an ultrasonography specialist according
to Aboyans et al. [13]. The ABI measurements were
conducted at the baseline for patient selection and after
8 weeks for follow-up using a Doppler device (siemens
acuson x300 ultrasound system, made in Germany).
The systolic pressure of the right brachial artery, the
right posterior tibial, and the right dorsalis pedis artery
was measured. Then, the higher pressure value between
the posterior tibial and the dorsalis pedis artery was
used and divided by the systolic arm pressure to calculate the right ABI. The same procedure was done for
the left side. The ABI values measured for both sides
were recorded and the lower value on either side was
considered as the overall ABI, as reported by a previous
study [14].
A treadmill graded exercise test (GXT) was conducted and supervised by a physiotherapist at baseline and
after 8 weeks using an electrically automated treadmill
(Weslo Cadence 1005, Model NO.WLTL 39093, made
in the USA). The treadmill used in the GXT had a digital screen with multiple set buttons to adjust the speed
and the inclination of the treadmill during the test. The
digital screen also showed the time elapsed and the distance covered throughout the test. According to Hiatt et
al. [15], the patients were instructed to begin the test by
walking on the treadmill at a speed of 3.2 km/hour on
a horizontal level (0% inclination) for 3 minutes. Afterward, the inclination of the treadmill was increased
progressively by 3.5% every 3 minutes while keeping
the speed constant at 3.2 km/hour. Throughout the test,
the patients were instructed to continue walking on the
treadmill till reaching the maximal claudication pain,
the point at which the test had to be ended. Outcomes
derived from GXT:
– Peak walk distance (PWD) - the longest distance
recorded at the end of the test at which the patient
was unable to proceed forward in the test because of
severe claudication pain [16].
– Pain-free walk distance - the distance recorded once
the patient first experienced claudication pain [16].
– Peak walk time (PWT) - the time elapsed from the
beginning of the test to the point at which the patient
stopped the test because of maximal claudication
pain.
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– Pain-free walk time - the time elapsed from the start
of the test to the point at which the patient first reported the claudication pain.
Interventions
Pulsed electromagnetic field (PEMF) therapy
The PEMF therapy was administered by a physiotherapist and was introduced only to the patients in
the experimental group using a magneto-therapy unit
(BTL-5000 Series, made in the UK). The unit was set
to apply rectangular pulses of a magnetic field (4.5 μ
sec) at a low frequency of 15 HZ and a very low intensity of 20 Gauss [9], through a solenoid 70 cm long
adjusted over the legs and feet of both lower extremities
whilst the patient in the supine position. The rising time
from 0 to 20 Gauss was 200 milliseconds and the return
time to zero was 24 milliseconds. The PEMF therapy
was applied for 60 minutes/session [17], three sessions/
week, for a total of 8 weeks [9,10].

Pharmacological treatment
A vascular specialist prescribed the drug therapy
to all patients in both groups. Medications prescribed
included anti-platelet medications (plavix oral), cholesterol-lowering medications (lipitor), medications to
treat intermittent claudication (cilostazol), L-carnitine
and omega 3 supplementation, anti-hypertensive medications (ACE inhibitors) for hypertensive patients, and
anti-diabetic medications (metformin) for diabetics.
The medications were similar in both groups.
Dietary instructions
Patients in both groups were instructed to reduce
consumption of atherogenic foods (such as saturated/
animal fats and cholesterol), fried or processed food/
meat, salty food, or sugar-sweetened beverages; and
to increase intake of healthy foods such as unsaturated
fats and omega 3 fatty acids, fat-free protein, legumes,
whole grains (instead of refined grains), vegetables
and fruits (fibers, vitamins & minerals rich sources).
A follow-up was made every two weeks throughout the
study period to assess the adherence of patients in both
groups to the dietary instructions.
Statistical analysis
The Social Science Statistics software was used for
statistical analysis. The Shapiro-Wilk test was used
to assess the normality of data, and the Bartlett’s test
was used to assess the assumption of variance equality across the samples. Square root transformation was
needed for some data to ensure equal variances before
conducting ANOVA tests. The paired t-test was used
to assess the changes in the mean values of the variables within each group. The one-way ANOVA test

4

Ahmad AM, Mahmoud RR

was used to assess the differences in the mean values
of the variables between the two groups pre- and postintervention. Values of p < 0.01 were considered statistically significant.

Results
At baseline, there were non-significant differences
in age, anthropometric characteristics, and outcome
measures between the two groups (p > 0.01), as shown
in Table 1. In the experimental group, the GXT outcomes [i.e., the peak walk distance (PWD), pain-free
walk distance, peak walk time (PWT), and pain-free

walk time] and the ABI were significantly improved
compared to baseline (p < 0.01), as shown in Table 1.
In the control group, only the GXT outcomes were significantly improved compared to baseline (p < 0.01), as
shown in Table 1. Comparing the two groups revealed
that the PWD, pain-free walk distance, PWT, and painfree walk time improved significantly in the experimental group compared to the control group (p < 0.01), as
shown in Table 1. For the ABI, the improvement was
greater in the experimental group compared to the control group, but was not quite significant at p < 0.01 (i.e.,
p = 0.012), as shown in Table 1.
The percent changes from baseline in the outcome
measures in the two groups can be shown in Figure 1.

Tab. 1. Baseline characteristics and outcome measures in the two groups before and after the interventions
Experimental group
(n= 15)

Control group
(n= 15)

Experimental vs. control group
p-valuea

Age (years)

56.4 ± 5.55

55.46 ± 5.15

0.636

Body weight (kg)

76.88 ± 5.10

80.33 ± 5.09

0.074

BMI (kg/m2)

25.69 ± 1.98

26.91 ± 1.88

0.096

baseline

265.2 ± 38.5

260.9 ± 33.7

0.749

post

432.9 ± 45.2

299.4 ± 34.1

<0.001*

p-valueb

<0.001*

<0.001*

baseline

162.9 ± 44.9

158.8 ± 34.5

0.783

post

244.4 ± 45.2

164.3 ± 33.5

<0.001*

p-valueb

<0.001*

<0.001*

baseline

8.54 ± 0.97

8.59 ± 0.89

0.876

post

15.04 ± 1.03

10.06 ± 0.81

<0.001*

p-valueb

<0.001*

<0.001*

baseline

4.87 ± 1.12

5.17 ± 0.95

0.428

post

7.48 ± 0.94

5.53 ± 0.94

<0.001*

p-valueb

<0.001*

<0.001*

baseline

0.70 ± 0.06

0.71 ± 0.04

0.740

post

0.77 ± 0.06

0.72 ± 0.04

0.012

<0.001*

0.029

Variables
Baseline characteristics

Outcome measures
Peak walk distance
(meters)

Pain-free walk
distance (meters)

Peak walk time
(minutes)

Pain-free walk time
(minutes)

Overall ABI

p-valueb

Data are expressed as Means ± SD. a p-value based on the one-way ANOVA test; b p-value based on the paired t-test; *Significant pvalue (p < 0.01). BMI: Body mass index; ABI: ankle-brachial index.
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Fig. 1. Percent changes from baseline in the outcome measures in the two groups

Discussion
Pulsed electromagnetic field (PEMF) therapy has
recently been the focus of cardiovascular research in
different patient populations and has proved effective
for several clinical outcomes. However, the functional
outcomes of PEMF have been insufficiently studied
in patients with peripheral arterial disease. The major
findings of the present study can be summarized as follows: (a) There were significant improvements in the
peak walk distance, pain-free walk distance, peak walk
time, and pain-free walk time in the experimental group
compared to baseline and the control group (p < 0.01).
(b) Also, the improvement in the ABI was significant in
the experimental group compared to baseline (p < 0.01)
and approached significance (p = 0.012) compared to
the control group.
Similar to these findings, Mohamed et al. [10] reported that PEMF combined with heel raising exercise
induced significant increases in the maximal walking
distance and maximal walking time compared to the
baseline and the controls in patients with PAD (Fontaine stage II). They also found that the ABI in the
PEMF group was significantly increased compared to
the baseline which was also consistent with the ABI
finding reported in our experimental group. It should
be mentioned that their effects could be owing to the
combination of PEMF and calf muscle exercises and
not to PEMF therapy alone. Worth noting, the PEMF
therapy has induced favorable improvements in physical functional performance in other patient populations. For example, in older adults, PEMF has induced
a greater increase in self-paced gait speed compared to

the placebo group [18]. In Parkinson’s disease patients,
the freezing of gait, a sudden attack of immobility usually experienced during walking, has been alleviated
following PEMF therapy [19]. Also, in patients with
multiple sclerosis, PEMF has induced significant improvements in the disease-related fatigue symptoms
[20,21]. Furthermore, PEMF has enhanced the physical
function in patients with osteoarthritis [22] and reduced
the physical disability in patients with low back pain
[23]. Despite the discrepancy in patient populations and
PEMF parameters, the results of the aforementioned
studies [18-23] might be in line with the improvement
in walking functional performance reported in our study
following PEMF therapy.
An improved explanation of the pathophysiology
of limb symptoms in PAD would lead to a better understanding of the mechanisms underlying the functional effects of PEMF therapy reported in the present
study. The main pathophysiological occurrences in
PAD underlying the intermittent claudication and the
related limitations in walking functional performance
can be summarized as [24]: (i) A reduction of blood
flow through the obstructed arteries that leads to an
imbalance between oxygen & nutrients supply and the
metabolic demands generated by the working muscles during ambulatory activities/walk exercises; (ii)
Impaired angiogenesis and vascular dysfunction; (iii)
Chronic inflammation caused by ischemic insults and
metabolic abnormalities within the muscles. Multiple
physiological effects of PEMF such as vasodilatory,
angiogenic, and anti-inflammatory/analgesic effects
[25–27], could explain the significant improvements
in walking functional parameters and ABI following
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PEMF therapy. These effects in combination could
alter the underlying pathophysiology responsible for
walking disability in PAD, resulting in improved circulation to the ischemic muscles, enhanced recovery
from inflammation, increased muscle work, and better walking functional performance. The underlying
mechanism responsible for the vasodilatory effect of
PEMF involves nitric oxide release [28,29], which is
a potent vasodilator agent resulting in marked arteriolar vasodilatation [25]. The increase in the diameter
of the blood vessels as a result of vasodilatation following PEMF exposure has been associated with an
increase in blood flow velocity in patients with peripheral ischemia [9,17]. The mechanism underlying
PEMF-mediated angiogenesis involves promoted activation, proliferation, migration, and reticular structure formation of vascular endothelial cells; as well as
stimulated expression of vascular endothelial growth
factor, fibroblast growth factor 2, and other angiogenic
growth factors [26]. By increasing the diameter and
the number of blood vessels supplying blood to the
ischemic muscles, an improvement in muscle action
occurs with a consequent improvement in walking
tolerability. Further, the anti-inflammatory effect of
PEMF could be explained by the modulation of the
inflammatory processes via regulation of the secretion
of the pro- and anti-inflammatory cytokine during different stages of inflammation, which could have beneficial effects in terms of enhanced regeneration and
functional recovery of inflamed tissues [27]. PEMF
has also been suggested to promote the resolution of
chronic inflammation by mediating changes in cellular
gene expression [30].
Interestingly, one of the theories explaining the
mechanism of PEMF action on the circulation is the
pearl chain effect theory, which assumes that PEMF
generates a magnetic polarization of red and white
blood cells causing them to move through the blood
vessel in a pearl chain-like form or a single-file rather
than randomly floating in the bloodstream. Thereby,
the red and white blood cells would move in an efficient way inside the small arteries and arterioles with
narrowed lumen, bringing more oxygen and nutrients
to the ischemic tissue and removing wastes [31]. Another interesting theory suggested that every cell in the
body has its own frequency with which the externally
applied electromagnetic field has to resonate in order to
be effective, and that if the electromagnetic field is applied with a higher or a lower frequency than the cell’s
frequency, no effects appear [32]. In other words, for
optimum biophysical interaction between the electromagnetic signals and the biological tissues, both the frequency of the electromagnetic field and the frequency
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of the cell have to be similar. Notably, the biophysical
response depends not only on the frequency of the external magnetic field but also on some other properties,
such as the intensity, the waveform, and the duration
of exposure. Thus, it could be assumed that the PEMF
applied in the present study with the prescribed parameters, based on previous studies [9,10,17], could have
resonated in a harmonic way with the recipient cells resulting in an efficient biophysical interaction and favorable outcomes in the ischemic tissues.
Unsurprisingly, significant changes in the peak/painfree walk distance and peak/pain-free walk time were
found in the control group compared to the baseline
in the current study. This phenomenon has been previously reported and has been known to occur as a result
of a learning effect of the graded treadmill exercise
test [33]. The repeated practice of exercise test at the
baseline and follow-up by PAD patients, even if they
received no intervention, leads to improvement in their
treadmill performance outcomes including peak/painfree walk distance & walk time [33,34]. It should be
pointed out that even though treadmill exercise training
is the gold standard method of rehabilitation of PAD patients with intermittent claudication, high attrition rates
from exercise programs have been reported as several
patients could be unable to adhere to exercise because
of many reasons such as exercise-induced severe claudication pain, poor physical functional performance,
and/or presence of co-existing health issues [35] (e.g.,
cardiopulmonary, metabolic, musculoskeletal, or neurological). Obviously, the PEMF is a passive intervention that requires no effort from the patients and could
therefore represent a more suitable form of therapy than
traditional exercise therapy for PAD patients who have
poor adherence to regular exercise due to health issues.
Finally, as with the majority of studies, the findings
of the present study should be interpreted in light of
some limitations. The non-random allocation of subjects with the potential of bias represents the main limitation in this study. Also, the lack of a placebo control
group with the possibility of psychological conditioning represents another limitation. Further, only male
patients with Fontaine stage II PAD were enrolled in
the current study, which could limit the generalization
of the results to other PAD patients with different characteristics. Nevertheless, the principal strength of this
study lies in the newly investigated topic in the domain
of complementary/alternative therapy for cardiovascular diseases and may guide other researchers in the future. Besides, sample size was calculated with a power
of 90% and an alpha level of 0.01 for optimal detection
of statistical significance and sound interpretation of
the results.
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Conclusions
An eight-week pulsed electromagnetic field (PEMF)
therapy in addition to pharmaceutical therapy and dietary advice could be a more effective treatment regime
than pharmacological therapy and dietary advice alone
for improving treadmill walking performance and ABI
in male patients with symptomatic PAD. The PEMF,
therefore, could be proposed as an effective intervention
complementary to pharmacological therapy and dietary
instructions in PAD management that could help induce
further improvements in physical functional performance in men with Fontaine stage II PAD. Future studies
are needed to verify the results of the present study.
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