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BACKGROUND: Deep vein thrombosis (DVT) is the formation of a
blood clot within the deep veins. During periods of sitting, blood flow
is decreased and this contributes to an increased risk of DVT. Trials
have shown that 5% to 10% of passengers undertaking long-haul
flights develop asymptomatic calf DVT.

AIM: To investigate the safety and efficacy of a novel neuromuscular
device that augments peripheral blood flow.

METHODS: Thirty healthy volunteers were assessed while seated.
Each subject had one leg connected to the stimulator and the other leg
immobile acting as control. Fifteen sequential electrical stimulations
were applied for 5 min each followed by a 10 min recovery phase. The
following noninvasive measurements were performed before, during
and after the stimulation programs: photoplethysmography, strain
gauge plethysmography, laser Doppler fluxmetry, transcutaneous

oxygen tension, pulse oximetry, superficial femoral vein blood flow
and vessel diameter (ultrasound); discomfort questionnaires were
also administered.

RESULTS: During neuromuscular stimulation, significant increases in
blood volume flow and velocity and skin capillary blood flow were
found; transdermal skin oxygen levels were maintained. No changes
were observed in heart rate, blood pressure, oxygen saturation or femo-
ral vein vessel diameter.

CONCLUSIONS: Using a newly developed device, electrical nerve
stimulation of the lower leg significantly increased blood flow; the
device in the present study is, therefore, a promising tool for the devel-
opment of a novel DVT prevention device. Because this method of
electrical nerve stimulation is virtually pain free, the present study has
significant implications for the prevention of DVT in hospitals, outpa-
tient settings and community care settings, as well as in preventing
travel-related thrombosis.
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Deep vein thrombosis (DVT) is the formation of a blood
clot within the deep veins. Clot formation has been
attributed to three main factors — the so-called Virchow's
triad. These factors are endothelial injury, blood stasis and
hypercoagulability (1). It has been shown that the majority of
thrombi that occur after surgery originate in the soleal veins
and venous valve pockets (1-3). The annual incidence of
DVT after surgery in the United States and Europe is esti-
mated to be approximately 160 per 100,000 patients; the
incidence of fatal pulmonary embolism is estimated to be
50 per 100,000 patients (4).

The common factors that are associated with a greater than
average risk of DVT are age older than 40 years, cancer, trauma,
previous DVT or pulmonary embolism, recent surgery, obesity
and estrogen therapy in women. In addition, surgery of the
lower limb, in particular to the hip or knee, carries a specific risk
of DVT ranging between 40% and 84% (5,6). Pharmacological
methods for the prevention of DVT reduce blood coagulability
(7), but are intrinsically associated with significant risk of
bleeding, necessitating clinical supervision (8), and are, there-
fore, contraindicated for some categories of patients. Mechanical
methods include graduated compression stockings (9-11), in
which a pressure of 18 mmHg at the ankle produces venous
compression and increased venous blood flow velocity (12).
However, compression stockings can be uncomfortable to wear

and individual patient compliance is highly variable.
Intermittent pneumatic compression (IPC) devices (13-15)
consist of an inflatable garment for the arm, leg or foot. The
garment is intermittently inflated and deflated. If IPC is
applied to the foot, it increases leg blood flow by activating the
foot pump (foot impulse technology) (16). Most compression
devices consist of plastic sleeves, which enclose the whole leg
and, therefore, have been proven to be uncomfortable to wear
and can cause sweating beneath the plastic sleeve. Furthermore,
the size, weight and external power source requirements con-
tribute to poor compliance, which limits the efficacy of IPC
devices (17). The combination of techniques such as compres-
sion stockings and heparin, or compression stockings and IPC
devices, has been shown to have an incremental protective
effect (18-20). In relation to the prevention of travel-related
DVT, the methods currently available include clinical com-
pression stockings and in-flight foot exercisers, such as the
Airogym Exerciser (Airogym Ltd, UK). However, stockings
often prove to be uncomfortable to wear, applied pressures are
highly variable and travellers generally fail to maintain use of
the foot exercise devices throughout the period of travel.
Direct electrical stimulation of the lower limb muscles has
been shown to be effective in improving blood flow (21-24).
However, these studies of direct electrical muscle stimulation
have not led to the development of effective and easy-to-use
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TABLE 3
The stimulation program sequence

TABLE 1

Inclusion criteria

Health Good general health/fitness
Age Between 18 and 65 years

Medical history No abnormal findings; absence of deep vein

thrombosis and hematological disorders or

indications
Body mass index Between 18 kg/m? and 34 kg/m?2
Drugs No history of drug abuse (including alcohol)
Medication No medication during the 30 days preceding the study
and no medication during the course of the study
TABLE 2
Exclusion criteria
Health Organ dysfunction, any clinically significant deviation
from normal in the physical determinations
Age <18 or >65 years

Medical history Hematological disorders, previous DVT/PE, peripheral
arterial disease (ankle-brachial pressure index <0.9),
varicose veins or lower limb ulceration,
musculoskeletal disorders, recent surgery and recent
trauma to lower limb; and history of gastrointestinal,
hepatic, renal, cardiovascular, endocrine,
neurological, dermatological, rheumatological,
metabolic (including diabetes), psychiatric,
hematological (especially in relation to clotting or
coagulation) or systemic disease judged to be
significant

Body mass index Chronic obesity (body mass index >34 kg/m?)

Pregnancy Positive pregnancy test
Medication Any medication in the previous 30 days
Tobacco Smoker
consumption
Pulse rate <50 beats/min

Blood pressure Systolic blood pressure >160 mmHg or <80 mmHg, or
diastolic pressure of >90 mmHg or <60 mmHg

Blood donation Donation of blood within 8 weeks of the screening
period or during the investigation

Participation in Participation in any clinical study during the 8 weeks

other clinical study preceding the active period of the study

DVT Deep vein thrombosis; PE Pulmonary embolism

devices for blood flow enhancement and, therefore, the poten-
tial prevention of DVT. The failure to widely adopt direct
muscle stimulators may be explained by the elevated discom-
fort experienced at high intensities of direct electrical stimula-
tion to the muscle. The limited number of available devices
that use this technique are mostly only used under general
anesthesia.

The main objective of the present study was to evaluate the
efficacy of a novel transdermal neuromuscular device applied
to the common peroneal nerve on blood flow in the lower

limb.

METHODS

Volunteers

Thirty healthy volunteers were recruited by advertisement to
staff and students of Queen Mary University of London
(London, UK), Barts and The London NHS (London) and to
the general community, as approved by the Central Office for
Research Ethics Committees (reference 05/Q0604/11).
Volunteers were provided with information sheets, and written
informed consent was obtained. Volunteers were initially
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Program number Amplitude, mA Frequency, Hz

1 1 1
2 1 3
3 1 5
4 5 1
5 5 3
6 5 5
7 10 1
8 10 3
9 10 5
10 20 1
11 20 3
12 20 5
13 40 1
14 40 3
15 40 5

Program current settings were defined as follows: on the bench (not in contact
with a human body), peak voltage was measured (using an oscilloscope)
between terminals across a fixed 2000 ohm resistor. The equivalent current
was then calculated by Ohm’s law (voltage = current x resistance). In vivo,
variations in skin resistance, tissue resistance and quality of contact will give
varying values of both current and voltage (because the device has a substan-
tial internal resistance); therefore, the values given serve only to identify the
setting and do not necessarily represent the actual value of current delivered
to the subject

invited to participate in a screening evaluation, which included
a medical history, physical examination and colour flow duplex
ultrasound of the lower legs to exclude bilateral DVT. The
specific inclusion and exclusion criteria are presented in
Tables 1 and 2. The rationale for these criteria was to reduce
confounding variables and provide a basis for matching future
study groups.

Stimulator and electrodes

A modified electrical stimulator offering a range of preset
stimulation currents and pulse frequencies was used, employing
custom stimulation protocols and electrodes. These devices are
commonly used under the supervision of a physiotherapist as
well as by members of the public for therapeutic purposes such
as exercising or toning muscles. The waveform was specifically
designed for motor nerve stimulation as opposed to direct
muscle stimulation. Pulse amplitudes ranged from 1 mA to
40 mA, with frequencies ranging from 1 Hz to 5 Hz (Table 3),
which were significantly lower than those used in physiother-
apy and transcutaneous electrical nerve stimulation protocols
(25-27). In all cases, the pulse consisted of a charge-balanced
pulse of 200 ps in width. Two electrodes were connected to the
stimulator box and placed over the common peroneal nerve, as
shown in Figure 1. This nerve is related to the reaction of the
venous muscle pumps of the lower leg (foot and calf pump).

Study methodology

The present study was performed in a temperature- and
humidity-controlled environment (temperature 24+1°C, rela-
tive humidity 30% to 40%) using an air-conditioning unit
(Airedale International Air Conditioning Ltd, UK); environ-
mental data were recorded with a hygrometer (TH105; ABB
Kent-Taylor Inc, USA). The effects of electrical stimulation on
lower limb blood flow were investigated in 30 healthy
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Figure 1) Electrode application on the common peroneal nerve.
[llustration of the nerves of the right lower extremity in posterior
view adjusted from reference 37

volunteers during a 4 h period of sitting in an economy airline
seat. The leg clearance distance was set at 86 cm by positioning
a toe bar. Each subject was positioned in the seat by a safety
belt to maintain close uniformity of posture and was actively
encouraged to remain as passive as could be tolerated. A suc-
cession of 15 different stimulation programs was applied to
each subject according to a two-dimensional matrix of ampli-
tude and frequency, as shown in Table 3. A randomly selected
leg was stimulated while the contralateral leg remained
immobile as a control for the duration of the study. Each stimu-
lation program was 5 min long, followed by 5 min of response
recording (stimulator off) and a 5 min recovery phase to allow
vascular re-equilibration before the next sequence. Blood pres-
sure was measured before stimulation and at every hour until
the end of the study period (4 h) using a digital blood pressure
monitor (UA-767PC; A&D Instruments Ltd, UK). During the
4 h, changes in blood flow and volume, microcirculatory flux
and physiological measures related to the heart were recorded
bilaterally using standard noninvasive techniques, including
photoplethysmography (PPG) (MedSonics Ltd, USA), strain
gauge plethysmography (SPG) (Hokanson EC4; DE Hokanson
Inc, USA; and MedaSonic Ltd, USA), laser Doppler fluxmetry
(Laser Doppler Perfusion & Temperature Monitor DRTH4;
Moor Instruments Ltd, UK), transcutaneous oxygen tension
(TCM4 Tina; Radiometer Ltd, UK), colour flow duplex ultra-
sound (Philips IU22; Philips Healthcare, USA) and pulse oxi-
metry (Datex-Ohmeda Ltd, UK). Changes in these parameters
were compared with baseline values (at rest) and those
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Figure 2) Photoplethysmography (PPG) measurements showing
venous emptying response versus stimulation current, by frequency,
compared with full flexion. Data presented as mean + standard error

of the difference

determined by voluntary muscle action; ie, subjects were asked
to perform 10 dorsiflexions with the heel on the ground. This
represented the theoretical maximum physiological response
that can be obtained in the sitting position. Furthermore, sub-
jects were asked to evaluate acceptance and tolerability of the
electrical stimulation sequences by the use of a questionnaire,
which included a verbal rating scale (VRS) and a visual ana-
logue scale. At the end of the assessments, the subject’s deep
veins were re-examined with duplex ultrasound to exclude the
development of thrombi. During the second visit (within
two weeks), the stimulation sequence was reversed (starting at
stimulation program 15 and proceeding to stimulation pro-
gram 1) for each subject.

Data acquisition and analysis

A CED 1401 computer interface system (Cambridge Electronic
Design Ltd, UK) and Spike 2 software (Cambridge Electronic
Design Ltd) allowed simultaneous data acquisition of PPG, SPG
and laser Doppler fluxmetry. Transcutaneous oxygen tension
values, measured by colour flow duplex ultrasound and pulse
oximetry, were hand recorded. All parameters were measured at
baseline (at rest), at voluntary muscle action (dorsiflexion), dur-
ing the 5 min stimulation period and/or during the 5 min recov-
ery phase. ANOVA with adjusted sum of squares was conducted
for each dependent parameter against stimulation settings of
frequency and current. Statistical analysis for the comparison of
data obtained at each stimulus and baseline or dorsiflexion was
performed using Minitab software (Minitab Ltd, UK); P<0.05
was considered to be significant. Data shown in the Results sec-
tion represent the mean of data obtained from 30 volunteers and
error bars show the standard error of the difference.

RESULTS
The effect of electrical stimulation on blood flow
PPG placed on one of the dorsal foot veins measured relative
changes in optical reflectance resulting from blood emptying
from the vein. Figure 2 shows the emptying response at each
stimulation as a percentage of that measured during 10 sequen-

tial full dorsiflexions. All PPG values were at least 50% of full
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Figure 3) Strain gauge plethysmography (SPG) measurements
showing percentage of calf circumference change at 15 different
stimulation programs versus foot flexion. Data presented as mean +
standard error of the difference
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Figure 5) Mean peak wenous welocity at 15 different stimulation
programs versus baseline. Data presented as mean + standard error

of the difference
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Figure 4) Ultrasonography measurements showing venous volume
flow at 15 different stimulation programs versus baseline. Data
presented as mean * standard error of the difference

dorsiflexion; higher current settings produced significant ven-
ous emptying (P=0.0004, R?=0.56).

SPG placed bilaterally on the mid-calf measured the
amplitude of the cyclic change in calf circumference during
the stimulation cycle. Figure 3 shows the percentage of calf
circumference change in each stimulation program versus
dorsiflexion.

Stimulation frequency had a highly significant positive
effect on SPG amplitude (overall P<0.001, R2=0.84). The val-
ues for SPG were between 55% and 70% of full dorsiflexion.

Venous volume flow and peak velocity were measured in
the superficial femoral vein by pulsed Doppler using duplex
ultrasound. Figure 4 shows the mean venous volume flow at
each stimulation versus baseline. All stimulations showed a
significant increase (P<0.01) in venous volume flow compared
with baseline, with both amplitude (R?=0.55) and frequency
(R2=0.82) showing a positive correlation. Mean vessel diam-
eter was measured by imaging ultrasound, and no significant
change in mean vessel diameter was found throughout the
study (data not shown).
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Figure 6) Laser Doppler fluxmetry (LDF) measurements of micro-
circulatory flux on the dorsum of the foot bilaterally for each stimu-
lation setting as a percentage of baseline. Data presented as mean
standard error of the difference

Figure 5 shows the mean peak venous velocity at each
stimulation program versus baseline. There was a significant
increase (P<0.01) in blood flow velocity at all stimulations
compared with baseline, again with both frequency (R?=0.72)
and current (R?=0.74) having strong positive correlations.

Figure 6 shows a substantial increase of the microcirculatory
flux compared with baseline for all stimulation settings. Both
frequency and current had significant effects (P<0.01), with a
strongly positive frequency correlation (R?=0.86). There was
also a significant increase in the temperature of the skin surface
comparing the stimulated with the unstimulated leg (P=0.04).
Skin temperatures in both the stimulated and unstimulated leg
decreased by approximately 1°C compared with the individual
baseline, which was expected because subjects sat in a restricted
position without any physiological movement apart from the
contraction of the stimulated leg (data not shown).

Figure 7 shows that, in all cases, there was a bilateral
decrease in tissue oxygen during the course of the experiment.

Int J Angiol Vol 19 No 1 Spring 2010
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Figure 7) Transcutaneous oxygen tension on the dorsum of the foot
versus stimulation program as a percentage of baseline. Data pre-
sented as mean = standard error of the difference

Values obtained from the stimulated leg (Figure 7) were signifi-
cantly higher (P=0.03) than the unstimulated values for all
settings above 1 mA. The data for the stimulated leg indicate
that, although tissue oxygen levels still fell during the session,
higher currents had a beneficial effect in maintaining these
levels.

There were no significant changes to oxygen saturation
(measured by pulse oximetry) or heart rate during any stimula-
tion settings. This supports the safety of the device because no
changes to important physiological parameters were observed
(data not shown).

The majority of stimulation programs were rated by the
subjects as minimal sensations; only stimulation program 15
(the highest amplitude and the highest frequency) reached a
moderate discomfort level (Figure 8). (Discomfort rating by
VRS: 1 = no sensation, 2 = minimal sensation, 3 = mild dis-
comfort, 4 = moderate discomfort, 5 = severe discomfort.) The
intrasubject variation between successive visits was generally
small, and this supports the validity of the measurement meth-
ods. The VRS showed a correlation with both frequency and
current.

DISCUSSION

The present study tested a novel method for the prevention of
DVT by enhancing blood flow via electrical nerve stimulation.
The technology used in the study is novel and potentially advan-
tageous compared with similar existing muscle electrostimula-
tion (MEST) methods — first, due to an achieved blood flow
increase via indolent nerve stimulation instead of painful direct
muscle stimulation, and second, due to its small size, resulting in
a wide range of application possibilities. Furthermore, by stimu-
lating the nerve proximal to the posterior/anterior bifurcation,
there is simultaneous activation of the tibialis, peroneus longus
and lateral gastrocnemius muscles. Together, their contraction
provides a near-isometric compression of the venous valve sys-
tem within the lower leg, possibly evacuating blood more
effectively than by contracting the gastrocnemius alone.

Based on the analysis of all data acquired from the
30 healthy volunteers, it can be concluded that electrical
stimulation of the common peroneal nerve significantly enhan-
ces both venous volume and venous velocity in the lower limb,
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Figure 8) Verbal rating scale (VRS) scores for discomfort, by stimu-
lation settings. Data presented as mean + standard error of the

difference

compared with baseline. PPG measured in dorsal foot veins
showed significant venous emptying at all stimulation pro-
grams, indicating the device’s potential to produce prolonged
improved dorsal foot vein emptying compared with a restricted
short-time effect obtained by natural dorsiflexion. Laser
Doppler fluxmetry measurements were increased up to 25-fold
in the stimulated leg compared with baseline and the unstimu-
lated leg. Skin temperature was increased at all stimulation
programs in the stimulated leg compared with the unstimulated
leg. Because metabolism is not altered during the stimulation
programs, the increase in skin temperature is an indicator of
increased blood flow, even in the superficial layers of the skin.
Ultrasound measurements confirmed an increase in venous
volume and venous velocity in the stimulated leg at all stimula-
tions compared with baseline. Venous blood flow increases in
the superficial femoral vein were exceptionally high (up to
100%) in the present study, compared with MEST results of
foot or calf muscle electrical stimulation (28), which showed
an increase in the femoral venous blood flow of only up to
25%. It is well known that an increase in venous volume and
velocity causes venous emptying and facilitates clearance
within the soleal sinuses and valve cusps, which are the most
common sites of DVT formation (3,29,30).

Parameters were included to ensure appropriate safety test-
ing of the device. Pulse oximetry measurements ensured con-
stant monitoring of heart rate and saturated oxygen levels
throughout the study and confirmed that the mean oxygen
saturation was stable and always above 97% in all the subjects.
There were no differences in mean oxygen saturation and heart
rate between baseline values and values at each stimulation
program. Furthermore, blood pressure measurements showed
no differences before, during or after electrical stimulation.
This is a strong indicator of the safety of the device because
there were no significant physiological changes of measures
related to the heart. Duplex ultrasound measurements of the
blood vessel diameter (supetficial femoral vein) showed no
significant change in the mean vessel diameter throughout the
stimulation programs, which additionally supports the safety of
the device.

Pain due to high currents, as described in MEST studies,
constitutes one of the main problems for the acceptance of
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electrical muscle stimulation in conscious patients. Within the
present study, the subjects were asked to complete a discomfort
questionnaire to assess the optimal electrical stimulation set-
ting for development of an out-of-hospital DVT prevention
device. Discomfort assessment by VRS showed that the major-
ity of stimulations were rated as minimal sensations, and only
the highest amplitude and frequency — stimulation pro-
gram 15 — reached the moderate discomfort level. Efficient
venous blood flow and microcirculatory flux increases were
demonstrated at lower stimulation levels.

SPG measurements showed that all stimulations produced
values between 55% and 70% of dorsiflexion, indicating that
increases in microcirculatory flux are possible without substan-
tive distortion of the calf. This is an additional measure sup-
porting the potential ease of use of the device, and suggests the
potential for improved compliance. Additionally, it has been
shown that muscular contractions at 30% of the maximum pos-
sible muscle contraction (equivalent to dorsiflexion) result in
significant blood flow increases (31). Finally, tissue oxygen was
maintained at 92% or greater at all stimulation programs in the
stimulated leg compared with baseline. Tissue oxygen values
were also significantly higher in the stimulated leg compared
with the unstimulated leg at most stimulation programs.

The present study demonstrates that electrical nerve stimu-
lation using this novel technique is safe, and significantly
increases blood flow and velocity by magnitudes that have not
been shown before. Additionally, the device was well accepted
and tolerated by healthy volunteers and, therefore, ideal for
the development of a DVT prevention device for use in and
out of the hospital. The small size of the device will also
encourage future developments of commercially available
DVT prevention devices for air travel because there are cur-
rently no comparable electrical devices available. The only
current clinically recommended solution for DVT prevention
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