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ABSTRACT 

Nuutti Korhonen: Electrical muscle stimulation intervention in impedance-based deep vein 

thrombosis detection 

Bachelor’s thesis 

Tampere University 

     Bachelor's programme in biotechnology and biomedical engineering 

June 2025 
 

Deep vein thrombosis (DVT) is a condition in which a blood clot develops in the deep veins, 
potentially leading to life-threatening complications. To prevent these dangerous complications, 
it is important to diagnose and treat the condition at an early stage. 
     This bachelor's thesis investigates the use of interventions produced by electrical muscle stim-
ulation (EMS) in impedance plethysmography (IPG) based DVT detection. The ability of EMS 
technology to accelerate blood circulation is known, but no published studies have examined its 
use in IPG measurements. According to the hypothesis of the study, the EMS-induced interven-
tion in the calf would activate the calf’s venous return, causing blood to accumulate in the thigh. 
This could be observed in the thigh as a decrease in impedance. 
     To induce EMS interventions, the study used a commercial Beurer EM49 EMS device. The 
impedance measurements were conducted using the BIOPAC MP160 device. The measure-
ments were performed on six test subjects. The measurements were recorded by measuring im-
pedance for approximately three minutes. During the measurement, the EMS device was turned 
on for approximately 30 seconds. The graphs obtained from these measurements were studied 
to determine whether the EMS device could be utilized in IPG measurements.  
     Only about 14 % of the measurements conducted on the test subjects behaved according to 
the hypothesis. Factors that interfered with the measurements included, among others, the test 
subjects' varying sensitivity to EMS intensity and the variation in the precise placement of the 
EMS electrodes. The biggest obstacle to achieving measurements in line with the hypothesis was 
the slow stabilization of measured impedance when the test subject had laid down. This could 
sometimes take up to several minutes. The intervention applied by the EMS device to the calf 
was not strong enough to decrease impedance in such situations, and the impedance continued 
to rise even while the EMS device was on. Additionally, results were also obtained where the 
impedance behaved opposite to the assumption. In these cases, an increase was observed as a 
result of the EMS impulses.  
     Based on the results, the EMS device could induce an intervention that is visible in the data 
obtained from the IPG device. However, the method is unreliable and, as used in this study, is 
not yet suitable for detecting DVT. Intervention and change in impedance induced by EMS device 
was relatively small, so different sources of interference made the signal of interest hard to ana-
lyze. In possible future studies, both the intervention and the resulting impedance change should 
be made stronger. This would help minimize the influence of various sources of interference.  
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TIIVISTELMÄ 
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Kandidaatintutkielma 

Tampereen yliopisto 

Bioteknologian ja biolääketieteen tekniikan kandidaattiohjelma 
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Syvä laskimotukos (SLT) on syvällä laskimoissa kehittyvä sairaus, jolla on jopa kuolemanvaa-
rallisia komplikaatioita. Vaarallisten komplikaatioiden estämiseksi on tärkeää diagnosoida ja hoi-
taa tauti jo aikaisessa vaiheessa. 
     Tässä kandidaatintyössä tutkitaan sähköisen lihasstimulaation (EMS) aikaansaaman interven-
tion hyödyntämistä impedanssipletysmografia-mittauksessa syvien laskimotukosten diagnosoi-
miseksi. EMS-tekniikan kyky kiihdyttää verenkiertoa on tunnettu, mutta tämän ominaisuuden hyö-
dyntämisestä impedanssipletysmografia-mittauksissa ei ole vielä julkaistuja tutkimuksia. Tutki-
muksen hypoteesin mukaan EMS-laitteen aiheuttama interventio pohkeessa aktivoisi pohkeen 
laskimopaluuta, jolloin veri pakkautuisi reiteen. Tämä voitaisiin nähdä reiden impedanssin las-
kuna.  
      Verenkiertoa kiihdyttävien interventioiden aikaansaamiseksi tutkimuksessa käytettiin kaupal-
lista Beurer EM49 laitetta. Impedanssin mittaukseen käytettiin BIOPAC MP160 laitetta. Mittauksia 
suoritettiin kuudella koehenkilöllä ja ne suoritettiin tallentamalla reiden impedanssia noin kolmen 
minuutin ajan kerrallaan. Mittauksien keskivaiheilla EMS-laite syötti pohkeeseen impulsseja noin 
puoli minuuttia. Näistä mittauksista saaduista kuvaajista analysoitiin, voitaisiinko EMS-laitetta 
hyödyntää interventioiden aiheuttamiseen impedanssipletysmografia-mittauksissa.  
     Koehenkilöille toteutetuista mittauksista vain noin 14 % tuki hypoteesia. Erilaisia mittauksia 
häiritseviä tekijöitä oli muun muassa koehenkilöiden vaihteleva herkkyys EMS-laitteen antamien 
impulssien voimakkuudelle, sekä laitteen elektrodien tarkkojen paikkojen vaihtuminen eri mittaus-
kerroilla. Suurin este hypoteesia tukevien mittauksien aikaansaamiseksi oli kuitenkin impedans-
sin hidas tasaantuminen, kun koehenkilö kävi makaamaan sängylle. Tämä tasaantuminen saattoi 
kestää useita minuutteja. EMS-laitteen pohkeeseen kohdistama interventio ei ollut tarpeeksi voi-
makas laskemaan impedanssia tällaisessa tilanteessa, vaan impedanssi jatkoi nousemistaan lait-
teen syöttämistä impulsseista huolimatta. Toisaalta saatiin myös tuloksia, joissa impedanssi käyt-
täytyi päinvastaisesti hypoteesiin, eli se nousikin laitteen syöttämien impulssien seurauksena. 
     Tulosten perusteella EMS-laite pystyy aiheuttamaan intervention, joka on nähtävissä impe-
danssipletysmografilta saadusta datasta. Menetelmä on kuitenkin epävarma, eikä se sellaise-
naan sovellu vielä syvälaskimotukosten havaitsemiseen. EMS-laitteen aiheuttama interventio ja 
sitä seurannut impedanssin muutos olivat pieniä. Siksi erilaisilla häiriötekijöillä oli suuri vaikutus 
mittauksiin. Mahdollisissa jatkotutkimuksissa interventiota ja siitä seuraavaa impedanssin muu-
tosta pitäisi saada voimakkaammaksi. Näin erilaisten häiriöiden mittauksiin kohdistamaa vaikutus 
pienentyisi.  
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1. INTRODUCTION 

Deep vein thrombosis (DVT) is a serious clinical condition with life-threatening compli-

cations [34]. DVT occurs when a blood clot forms in the deep veins of the body, usually 

in the legs or pelvis. A common life-threatening condition of DVT is clots transforming 

into a pulmonary embolism (PE). PE occurs when thrombi separate from the vein wall 

and travel through the blood circulation and heart to the pulmonary arteries which carry 

oxygen-poor blood to the lungs. [25] If there is reason to suspect a PE, medical care 

must be accessed as quickly as possible. The severity of the symptoms varies depending 

on the size of the thrombi and how much of the artery it obstructs. Common symptoms 

include sudden chest pain and episodes of shortness of breath. [14] For many patients, 

however, the symptom is sudden death. [25] 

The best way to prevent the development of a PE is to diagnose and treat DVT before 

the clot travels to the lungs. However, early diagnosis can often be difficult. DVT does 

not always present symptoms, and its most common ones can also be associated with 

other conditions such as varicose vein and muscle injuries. [19][28] 

One diagnostic method for DVT is impedance plethysmography (IPG). Impedance ple-

thysmography is a non-invasive diagnostic method used to detect volume changes by 

measuring changes in electrical impedance [29]. The method uses either two or four 

electrodes. Commonly a pressure cuff is used to cause an intervention and alter the 

venous blood flow. However, limb compression with a cuff is not suitable for everyone. 

The pressure exerted by the cuff on the limb can, in some cases, cause a blood clot to 

dislodge from a vein and travel toward the lungs [7]. One still unexplored option for inter-

vention could be the use of electrical muscle stimulation (EMS).  

EMS is based on electrodes placed on the skin surface, which deliver electrical current 

to the muscles [35]. This current mimics the action potential coming from the nervous 

system, resulting in involuntary muscle contractions [9]. The purpose of this thesis was 

to investigate whether EMS technology could be used to induce interventions in imped-

ance-based DVT detection. The hypothesis of this study was that when impedance is 

measured from the thigh using impedance plethysmography and a signal is simultane-

ously applied to the calf of the same leg via an EMS device, the acceleration of blood 

circulation and pooling of blood in the thigh caused by the impulses leads to a decrease 
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in the leg's impedance. If this phenomenon could first be made repeatable, then by plot-

ting and analysing the impedance curve, it might be possible to detect deep vein throm-

bosis in the leg. DVT could manifest, for instance, as a slower decrease in impedance 

change, as the blockage prevents blood from flowing freely through the veins.  

Chapter 2 presents the theoretical background of the study, and Chapter 3 describes the 

materials and methods used in the thesis. Chapter 4 discusses the experiments con-

ducted on the test subjects and the challenges that emerged. Chapter 5 summarizes the 

observations acquired from the measurements. 
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2. THEORETICAL BACKGROUND 

2.1 Deep vein thrombosis 

Up to 70 % – 80 % of diagnosed lower limb DVTs include proximal veins. Approximately 

20 % – 30 % of DVTs are found in distal veins located below the knee. Most commonly 

found in the anterior tibial, peroneal or posterior tibial vein. [34] When venous thrombosis 

obstructs a vein, it impedes venous blood flow. This can lead to various symptoms, such 

as the spread of vascular inflammation and pain. [20] 

The cause of DVT is not always found, but common risk factors are known. For example, 

bone fractures, obesity, cancer, heart failure and prolonged immobility, such as during a 

flight raise the risk of getting DVT. The risk can also increase due to a hereditary ten-

dency for clotting. Surgical operations likewise increase the risk. [19] Some diseases 

may also raise the risk. According to a study conducted in Wuhan, China, the coronavirus 

that spread in the early 2020s also increased the risk of deep vein thrombosis in hospi-

talized patients [36]. 

DVT as a disease has been documented for centuries, but it is still challenging to perform 

an early diagnosis and start the right treatment. Diagnosis is further complicated by the 

fact that the disease can be asymptomatic. The symptoms of the disease include calf 

swelling, pain at rest, and tenderness, as well as pain when walking. Often, only one of 

these symptoms is present. However, these symptoms can also be related to other con-

ditions, such as varicose veins, which is why the described symptoms do not always 

indicate a blood clot. [19][28] 

There are several different methods used to diagnose DVT. These methods include for 

example the Wells rule, the D-dimer test, plethysmography, contrast venography, ultra-

sonography, and Doppler ultrasonography [34]. Usually, the diagnosis is a multifaceted 

approach that combines clinical evaluation, assessment of the likelihood of the condition 

before testing, and the use of objective diagnostic methods. The pre-test probability of 

DVT can be assessed using the Wells rule shown in the Table 1.  
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Table 1. Wells rule for assessing the risk of DVT [34]. 

Clinical finding Score 

Active cancer +1 

Paralysis, muscle weakness, or recent immobilization of the lower limb due 

to a cast 

+1 

Bedridden for over 3 days or major surgery within 4 weeks of clinical decision 

rule application. 

+1 

Localized tenderness near the deep venous system +1 

Entire lower extremity swelling +1 

Calf swelling by more than 3 cm compared to asymptomatic lower extremity +1 

Pitting edema +1 

collateral superficial veins +1 

Alternative diagnosis as likely as or greater than that of DVT -2 

 

Totaling the score based on different symptoms DVT can be classified as "likely" or "un-

likely". A score of zero or less means that the probability of lower extremity DVT is ap-

proximately 3 %. A score of 1 or 2 gives the probability of approximately 17% and a score 

of 3 or more raises the probability to approximately 75 %. The Wells rule, as a diagnostic 

for DVT, has been used for years although it is a subjective method which requires the 

assessment of various symptoms and the possibility of another illness. [34] 

If the result of the Wells rule is “unlikely”, a D-dimer test is done. It is a blood test where 

the D-dimer content of blood is measured. D-dimer is a protein fragment whose content 

rises when a blood clot dissolves. Elevated or positive result from the D-dimer test could 

indicate DVT, but it does not guarantee it. If the result from the D-dimer test is negative 

after “unlikely” from the Wells rule, DVT can be ruled out. [5][17]   

After a positive D-dimer test or if the result from the Wells rule was “likely”, the existence 

of DVT must be proven by some objective clinical method. The most reliable non-inva-

sive method for diagnosing deep vein thromboses is ultrasound [19]. The method is par-

ticularly effective for detecting limb thromboses, especially those located above the knee. 

However, the diagnostic accuracy is lower for detecting calf thromboses. [34] 

After the positive DVT diagnosis, anticoagulant therapy to decrease blood viscosity is 

initiated and is typically continued for 3–6 months [19]. For medication, heparins such as 

low molecular weight heparin (LMWH) can be used [34]. Compression stockings or band-

ages are also often used in the treatment of deep lower limb venous thrombosis [19]. 
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2.2 Impedance plethysmography 

Electrical impedance refers to a circuit's ability to resist alternating current. It consists of 

resistive, capacitive, and inductive properties. [27] The impedance of the human body 

depends on its structure and composition. For instance, body water and muscle tissue, 

which contain electrolytes and fluids, conduct electricity well, whereas body fat and adi-

pose tissue function almost as electrical insulators [13]. Impedance plethysmography 

(IPG) is based on the impedance variations caused by changes in volume, such as those 

resulting from changes in the amount of venous and arterial blood.   

Typically, the IPG method uses four electrodes or two electrodes. Four electrodes can 

be connected for example as shown in Figure 5 in Section 3.2. The outer electrodes 

supply a continuous alternating current to the body. The amplitude of this current is typ-

ically between 0.1 mA – 10 mA and at a frequency of 20 kHz – 200 kHz [29]. The inner 

electrodes measure the voltage drop between them.   

The measurement of changes in blood volume in a limb using electrical impedance is 

based on a parallel conductor model illustrated in Figure 1. To understand the model, a 

limb with a length of 𝐿, volume 𝑉𝑜 and resistivity of 𝜌𝑜 is examined. When additional blood 

of volume 𝑉𝑏 enters the limb segment, it is assumed to distribute evenly, forming a par-

allel conductor with length 𝐿, cross-sectional area 𝐴𝑏 = 𝑉𝑏/𝐿, and resistivity 𝜌𝑏. The re-

sistance of each conductor is expressed as 

𝑍0 =  𝜌0

𝐿

𝐴0
= 𝜌0

𝐿2

𝑉0
 

(1) 

for the limb, where 𝐴𝑜 is the cross-sectional area of limb segment, and  

𝑍𝑏 =  𝜌𝑏

𝐿

𝐴𝑏
= 𝜌𝑏

𝐿2

𝑉𝑏
 

(2) 

for the additional blood. The impedance 𝑍 of two parallel components can be given by 

𝑍 =
𝑍0𝑍𝑏

𝑍0 + 𝑍𝑏
. 

(3) 

If 𝛥𝑍 =  𝑍 −  Z0 ≪  Z0 then 𝑉𝑏 is given as 

𝑉𝑏 = −
𝜌𝑏𝐿2

𝑍0
2 𝛥𝑍. 

 (4) 



6 
 

Equation 4 suggests that the increase in blood volume within the limb segment can be 

estimated by measuring the change in impedance, provided that the resistivity of blood, 

length, and the impedance of the limb is known. [29] 

 

 

Figure 1. Parallel conductance of human body. The upper image shows a part of a 
limb and the amount of blood flowing into it. The lower image represents the equivalent 

circuit of this system. 

 

The impedance signal obtained with the method contains three different components 

plotted as a function of time. The arterial pulse wave creates its quasiperiodic component 

to the impedance. [12] The variations in venous blood volume, such as those induced by 

breathing, create their own component in the impedance. An increase in blood volume 

decreases the impedance, while a decrease in volume increases it [6].  Component with 

the lowest frequency is a very slowly changing baseline impedance created by other 

tissues and the constant amount of blood in the analysed limb. [12] Figure 2 illustrates 

the effect of the arterial pulse wave, while Figure 3 shows the effect of breathing on the 

impedance.   
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Figure 2. Impedance graph which illustrates repeating impedance changes caused 
by arterial pulse wave. 

 

 

Figure 3. Impedance graph which illustrates periodic impedance changes caused 
by breathing. 

 

The arterial pulse wave causes slight variations. From Figure 2, the maximum range of 

variation is 0.03 Ω. The variation caused by breathing is significantly greater, and as 

seen in Figure 3, the maximum range of variation is slightly less than 0.4 Ω. 
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2.3 Detecting DVT using impedance plethysmography 

Impedance plethysmography can be utilized by healthcare professionals to detect blood 

clots in legs or monitor patients suspected of having a clot. A pressure cuff is used to 

assist in the diagnosis by first wrapping it around the patient's thigh. The plethysmograph 

records the impedance of the leg and its changes while the cuff then compresses the 

thigh and after the compression is released. By analysing the impedance graph, the doc-

tor or technician can determine if a clot is blocking blood flow. [22] Other interventions, 

such as raising the limb and deep breathing, can also be used to change the blood vol-

ume in the examined section [30][33]. Electrical muscle stimulation could also be a po-

tential method for inducing interventions, although it has not yet been studied. 

A major advantage of impedance plethysmography is that it is a simple method suitable 

for most patients. Method is also safe presenting minimal risk to the patient. Additionally, 

the test requires no preparation from the patient. Before the test, the patient is only asked 

to urinate. [22] 

A drawback of the impedance plethysmography test is its limited accuracy in diagnosing 

deep vein thrombosis. The method is particularly weak in detecting clots below the knee 

[11]. The test is prone to producing both false positives and false negatives. Accuracy is 

further affected if the patient does not breathe normally or tenses the leg muscles. Addi-

tionally, any pathological reduction in the volume of blood pumped by the heart can affect 

the results. [22] In a study with 42 patient cohorts the method has been found to have a 

sensitivity of approximately 75 % and a specificity of 90 % [21]. This means that one in 

four cases results in a false negative. For example, one study with 1725 participants 

calculated the sensitivity and specificity of Complete Duplex ultrasound (CDUS) to be 94 

% and 97 % [3]. However, performing a clinical assessment of the likelihood of DVT 

before conducting impedance plethysmography reduces the number of false diagnoses. 

Combining these methods can compensate for the fact that the test alone may be signif-

icantly less accurate compared to ultrasound-based diagnosis. [32] 

2.4 Electrical muscle stimulation  

The EMS technique is widely applied for many medical and sport applications including 

training and rehabilitation, for example [4]. In EMS treatment, the parameters that are 

commonly adjusted depending on the target area include frequency, amplitude, and 

pulse width [1].  

Maximum currents used in stimulation rarely exceed 100 mA [23]. Voltage also has a 

limit that cannot be exceeded, even if the maximum current has not yet been reached. 
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For instance, in this study, the maximum output voltage of the EMS unit was 100 Vpp 

when operating with a 500 Ω load [31].  

Commercial EMS units use two different current forms: alternating current and pulsed 

current. Pulsed current EMS delivers intermittent pulses at 1 Hz – 150 Hz frequency and 

it is the most common type in sports and rehabilitation, because portable devices typi-

cally support only this form. Alternating current EMS, which uses continuous high-fre-

quency (1 kHz – 25 kHz) biphasic pulses modulated within 10 Hz – 150 Hz, is used for 

pain relief, atrophy prevention, and muscle training. [2] 

Different waveforms include monophasic, biphasic, and polyphasic forms. Monophasic 

waveforms have a single-phase, unidirectional pulse. Biphasic stimulation consists of 

two components: a cathodic pulse and an anodic pulse, which follow each other in se-

quence. Polyphasic waveforms are bidirectional multiple phases in bursts. [15][16] Ex-

amples of these waveforms are illustrated in Figure 4. 

 

Figure 4. Different waveforms used in EMS illustrated. 



10 
 

 

Frequency and pulse width are key variables in EMS for achieving different outcomes. 

Low frequencies (1 Hz – 10 Hz) cause muscle twitching and are good for a heavily atro-

phied muscle. Medium frequencies (20 Hz – 60 Hz) cause sustained muscle contractions 

strong enough to produce natural joint movement, making them useful for functional ac-

tivities. At high frequencies (> 60 Hz) tetanic muscle contraction will gradually weaken 

as sensory perception becomes stronger. A short pulse width (50 µs – 200 µs) induces 

weak, superficial contraction, making it suitable for smaller muscle groups. A medium 

pulse width (200 µs – 350 µs) induces stronger contractions but it might start to overflow 

small muscles. A long pulse width (350 µs – 500 µs) recruits more motor neurones, which 

results in more powerful, deeper and more intense contraction making it most suitable 

for large muscle groups. [1] 

EMS technology can be used as a supplement to strength training because it activates 

large motor units, even more effectively than voluntary exercise. EMS can also be utilized 

to prevent muscle atrophy and improve strength, particularly for individuals with restricted 

mobility or those recovering from surgical procedures. It aids in muscle re-education by 

facilitating proper contraction patterns. [9] Transcutaneous electrical nerve stimulation 

(TENS), a form of EMS, is mainly utilized to manage pain in individuals suffering from 

various short-term and long-term pain conditions [8]. EMS can also enhance blood cir-

culation which can also aid in recovery from injuries [1]. The ability of EMS to improve 

circulation could also help prevent DVT. A study conducted with intensive care patients, 

who could not move themselves due to various injuries, showed that EMS treatment 

enhanced the blood circulation in patients’ lower extremities, helping to prevent the de-

velopment of DVT [24]. Should EMS also prove suitable for inducing interventions, the 

technique could hold potential for both diagnostic and therapeutic applications. 

Despite its various benefits, EMS treatment is not suitable for all individuals or all areas 

of the human body. EMS treatment should not be used when the patient is pregnant or 

has a pacemaker. Electrodes must also not be placed over the carotid sinus. [18] The 

safety of using muscle simulators during pregnancy is not established and EMS pulses 

could interfere with the peacemaker’s function. Applying the electrodes over carotid si-

nus could lead to significant cardiovascular effects, including alterations in heart rate. 

[10] 
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3. MATERIALS AND METHODS  

3.1 Choosing suitable devices for the trials 

The EMS device chosen for the study was the Beurer EM49. The choice was supported 

by the device’s extensive adjustment features. The pulse duration can be adjusted be-

tween 50 µs – 450 µs, and the pulse frequency between 1 Hz – 150 Hz. The device 

includes several pre-set programs, but also two fully customizable EMS programs. One 

of these programs allows setting pauses of 1–10 seconds between impulse periods, 

which can also range from 1–10 seconds. The device uses biphasic pulse current. [31] 

The selection was also supported by the availability of the EM49 and the option to pur-

chase additional electrodes if needed. A downside of the device from a research per-

spective is that the manual only specifies the maximum output current, which is 200 mA 

peak-to-peak with a load of 500 Ω. The intensity scale does not provide exact current 

values but instead uses an arbitrary scale from 1 to 50. 

Initial studies using an adjustable resistor and a multimeter suggested that the EMS de-

vice used in the study might be voltage-driven. This means that the device controls the 

voltage output, while the resulting current depends on the impedance at the skin-elec-

trode interface. The current is limited in some way to prevent it from exceeding the safe 

thresholds, but it may vary between individuals even at the same intensity setting. 

The IPG device was chosen to be the BIOPAC MP160 and its EBI100C module. Eliko 

Quadra Impedance Spectroscopy device was initially used in the first trials, but the EMS 

device caused too much interference with the impedance measured by the device. BI-

OPAC EBI100C itself offers some adjustment options. A measurement frequency of 50 

kHz and a magnitude gain of 5 Ω/V were used. Low-pass filter was set to 10 Hz and high-

pass filter was not used. Disposable and adhesive Ambu BlueSensor L electrodes were 

used with the measurements. 

The test subjects involved in the measurements were recruited verbally. In addition, they 

were provided with a written information sheet and a data protection notice, and their 

signature was requested for participation in the study. 

MATLAB R2022a was used for data processing, plotting graphs and analysis. A simple 

example of MATLAB code for this purpose is presented below in Program 1.  
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The code stores the data generated by the IPG device in a variable. This data is then 

low-pass filtered using a fourth-order Butterworth filter and finally plotted as impedance 

over time.  

3.2 Optimization of research parameters 

Before the measurements, the placement of both IPG and EMS electrodes was explored. 

Initial tests showed that the two devices could not be placed on the same segment of the 

leg, as impulses from the EMS device caused too much interference in the impedance 

signal. The IPG device operates by supplying a small current. When the electrodes of 

the devices are close to each other, impedance measurement cannot be performed if 

the typically stronger current from the EMS device is also present and interferes with the 

IPG signal.  

The IPG electrodes were placed on the inner side of the thigh because the large veins 

are located on that side [34]. The outer electrodes supplying current were placed as far 

from each other as possible to measure impedance from a large area. This approach 

enables a comprehensive measurement of thigh impedance, minimizing the impact of 

small local disturbances on the results. One electrode was placed just above the medial 

side of the knee, and the other on the upper thigh. Voltage-measuring electrodes were 

placed next to both current electrodes. The locations of the IPG electrodes are illustrated 

in Figure 5. 
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% Loading data 
load('test.mat') 
ipg = data(:,1); 
% X-axis 
fs = 2000;  % Sample frequency 
t = 0:1/fs:(length(ipg)-1)/fs; 
% Low-pass filter with cutoff frequency of 5 Hz 
cutoff = 5;   
[b, a] = butter(4, cutoff / (fs / 2), 'low'); 
% Filtering the signal 
ipg_filtered = filtfilt(b, a, ipg); 
% Drawing a figure 
figure; 
plot(t, ipg_filtered, 'r', 'LineWidth', 1.5); 
xlabel('Time (s)'); 
ylabel('Impedance (Ω) '); 
set(gca, 'FontSize', 18); 

Program 1. Example of a used MATLAB code. 
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Figure 5. Locations of IPG electrodes. 

 

The Beurer EM49 program 33 allows the user to choose the parameters themselves and 

this program was used in most of the experiments. By exploration of different parameters 

on the EMS device, a frequency of 30 Hz and a pulse duration of 320 µs were chosen. 

As mentioned in section 2.4, 30 Hz falls within the range of medium frequencies, causing 

sustained and strong muscle contractions. Therefore, this setting should provide a suffi-

ciently strong intervention. Additionally, the EBI100C module has a 10 Hz low-pass filter 

so the frequency of the EMS-device should not affect the impedance measurement. The 

pulse width of 320 µs was selected because, as also mentioned in Section 2.4, it induces 

strong contractions in the muscles and the calf muscle can be considered reasonably 

large. These settings were used in every measurement unless stated otherwise. 

The initial studies examined the exact location where the EMS device electrodes should 

be placed to achieve the most observable change in venous blood. The Beurer EM49 

allows the user to use either two or four electrodes. Initially four electrodes were placed 

on the calf. Two electrodes to the inner side of the calf and two to the outer side. In Figure 

6, the device is turned on for 30 seconds from second 90 to 120 in the x-axis. In Figure 
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7, Beurer EM49 program 34 is used. This program allows the user to set pauses, during 

which the device is temporarily switched off, between periods in which device produces 

impulses. The EMS device is on for a minute from second 90 to 150 , delivering electrical 

current to the calf for ten seconds, followed by a five-second pause. The pulse width is 

300 µs in this setting.  

 

 

Figure 6. Impedance graph in which the use of four electrodes causes a step be-
tween 90 seconds and 120 seconds. 

 

 

Figure 7. Impedance graph in which the use of four electrodes and pauses between 
impulses causes multiple steps between 90 seconds and 150 seconds 
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As can be seen from the graph, the use of four electrodes caused recurring interference 

in the impedance graph. When the device is on, impedance rises to a certain level and 

drops back to normal level when the device is off.  

The first result consistent with the hypothesis and clear from visible artefacts was ob-

tained using two electrodes on the outer calf. As seen in Figure 8, the EMS device is 

turned on from second 90 until second 150. During this period, the impedance of the 

thigh decreases steadily due to EMS impulses activating the calf muscles, which push 

venous blood towards the thigh. 

 

 

 

Figure 8. Impedance graph acquired from the thigh while two electrodes were sup-
plying EMS impulses to outer calf. 

 

At the beginning of the trials, electrodes were also placed on the inner calf, but this did 

not produce similar results supporting the hypothesis. This may be because the soleus 

muscle, located deep within the lower leg, is more effectively stimulated from the outer 

side of the calf due to its slight outward orientation. The soleus muscle is largely respon-

sible for venous return in the calf region [26]. Therefore, the trials continued with elec-

trodes only on the outer calf.  

The next objective was to obtain repeated successful measurement results, which ulti-

mately proved to be challenging. A new intensity level for the impulses had to be deter-

mined for each trial, even with the same person. This may have been due to the voltage-

driven system of the EMS device. Even slight changes in electrode positioning could 
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alter the impedance at the skin-electrode interface, which in turn could lead to variations 

in the resulting current. Other factors such as fatigue from physical activity and recent 

trials significantly affected the sensations in the calf, making an intensity level that felt 

optimal in a previous session potentially uncomfortable in the next. The pain experienced 

in the calf also intensified as the measurement session progressed, requiring a gradual 

reduction in impulse intensity. Therefore, only a limited number of measurements could 

be performed in a single session. 

When the EMS impulses were strong enough, they caused an involuntary extension of 

the foot, but the intensity had to be carefully controlled to avoid excessive force. The 

difference between suitable and excessively strong impulses was often only a few units 

on the intensity scale. This phenomenon is illustrated in Figures 9 and 10. If the device 

intensity was set too high, it could induce an interfering muscle contraction upon activa-

tion, which often appeared as a step in the impedance graph. In both figures, EMS device 

is switched on for one minute from second 90 to 150. The only difference between the 

experiments was that in Figure 9, the intensity of the applied impulses was 18, whereas 

in Figure 10, the intensity was 17. A step is clearly visible in Figure 9. The muscle tension 

in this situation may be due to the calf instinctively contracting to absorb the impulses if 

the stimulation feels uncomfortable. 

 

 

Figure 9. Impedance graph in which impedance rises for a short time after the EMS 
device is switched on. 
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Figure 10. Impedance graph in which impedance lowers after the EMS device is 

switched on. 

 

One issue faced was also stabilizing the baseline impedance of the leg at rest. When the 

test subject laid down, their thigh began to slowly empty of blood. Often this continued 

for a long time, which was reflected in the measurements as a steady increase in imped-

ance throughout the entire measurement, as shown in Figure 11.  Therefore, due to this 

effect even when the EMS device is turned on at the 90-second mark, it does not appear 

to have any visible effect on the thigh impedance. 

 

 

Figure 11. Impedance graph of the increasing baseline level throughout the meas-
urement. 
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Although the measurements were difficult to perform consistently, some results still sup-

ported the hypothesis. Figures 12 and 13 present two measurements that were success-

ful in this sense. In both figures, the EMS device is producing current to the calf from 

second 120 to 180. The decline occurring after 120 seconds is slightly steeper in Figure 

12, but in both figures, this decline is followed by a slight increase in impedance after 

180 seconds. 

 

 

Figure 12. Impedance graph in which the impedance decreases steadily as the de-
vice is on. 

 

 
Figure 13. Impedance graph of another measurement where the impedance de-

creases steadily as the device is on. 

 



19 
 

Conducting the measurements alone was difficult. The impedance measured from the 

thigh is sensitive to small movements, which complicates the execution of identical and 

repeatable measurements. The results may also vary between different individuals. So, 

after selecting the parameters, measurements were repeated with multiple test subjects. 

The following chapter presents these measurement results and discusses their signifi-

cance. 
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4. RESULTS AND DISCUSSION 

4.1 Further experimenting on test subjects 

New challenges arrived when starting the measurements with the first test subject a fe-

male weighing 56 kg. It was difficult to set the EMS device to a high enough power with-

out causing discomfort in the calf. Finding a suitable power level required several at-

tempts. In Figure 14, the effect of an impulse that was too strong is visualized: when 

EMS device is switched on at the 120-second mark, the impedance rises rapidly. 

 

 

Figure 14. Impedance graph acquired from a measurement in which too strong im-
pulses were induced to the calf. 

 

In the beginning, finding the right way of breathing proved to be challenging. Very deep, 

calm breathing causes a large fluctuating component to the impedance, and if the breath-

ing cannot be kept perfectly steady, it may interfere with the measurement. Figure 15 

illustrates a measurement where the breathing is clearly visible as oscillations in the sig-

nal. In this case breathing could not be kept perfectly steady, and the largest difference 

in impedance caused by breathing was approximately 0.1  Ω. After this, the subjects 

were ordered to breath normally and as steady as possible during the measurement. 
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Figure 15. Impedance graph in which component caused by breathing is visible. 

 

The biggest difficulty with the first test subject was stabilizing the baseline level. Some-

times it took a long time to achieve this, and many measurements failed because the 

impedance continued to rise throughout the entire measurement. Despite the failures 

and challenges, one measurement supporting the hypothesis was successfully obtained. 

This measurement is illustrated in Figure 16.  

 

 

Figure 16. Impedance graph of a successful measurement obtained from test sub-
ject one. 
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In Figure 16 the EMS device is switched on after 120 seconds, at the point when the 

impedance starts to drop. After 180 seconds, the EMS device is switched off which can 

be seen as an increase in the impedance.  

From the first test subject, several intriguing impedance graphs were also obtained, 

which appear to behave in a manner completely opposite to the initial assumption. This 

phenomenon is illustrated in Figure 17. EMS device is on from second 90 to 120, and 

during this time, the impedance appears to rise. This may be because the EMS device 

does not always affect venous blood flow in the same way. In some cases, the venous 

blood mobilized by the calf muscles may not pool in the thigh, but instead, mobilize ve-

nous blood within the thigh as well, causing an increase in impedance. 

 

 

Figure 17. Impedance graph in which the impedance behaves contrary to the hy-
pothesis. 

 

Test subject two was a male weighing 92 kg. Possibly due to his significantly larger 

weight, the impulse delivered by the EMS device had no observable effect on the imped-

ance during the first measurements, where two electrodes were attached to the outer 

calf. No change was observed in the impedance curve, regardless of how high the de-

vice’s intensity was set. 

In a subsequent measurement, four electrodes were placed on the calf, despite this con-

figuration having been previously found ineffective in the initial tests. However, with two 

electrodes on the inner side of the calf and two on the outer side, the impulse triggered 

involuntary flexion of the foot, and a successful result was obtained. This phenomenon 
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had also been observed in previous successful measurements. The result supporting the 

hypothesis obtained from the second test subject is presented in Figure 18.  

 

 

Figure 18. Impedance graph of a successful measurement obtained from test sub-
ject two. 

 

In Figure 18, EMS device is switched on for 30 seconds from second 90 to 120. Interest-

ingly, while the device is on, the impedance does not continuously decrease. It appears 

to decrease for only about half of this time, after which it starts to rise again, even though 

the device is still on. It is unclear why this happens, but it is possible that the calf could 

empty very quickly causing the impedance to initially decrease. However, once no more 

blood was coming from the calf, the impedance began to rise.   

The third test subject was female weighing 69 kg. She encountered similar issues as the 

first test subject. While lying down, the stabilization of the baseline level could sometimes 

take several minutes, slowing down the progress of the research. The results also often 

showed rapid and large steps in the impedance value, possibly caused by small leg 

movements.  

Figure 19 illustrates a measurement supporting the hypothesis conducted with test sub-

ject three. In Figure 19, the EMS device supplied current for 30 seconds, from second 

90 to 120. During the EMS impulse delivery, the impedance fluctuates slightly, but be-

tween 90 seconds and 120 seconds, the overall trend is clearly decreasing. 
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Figure 19. Impedance graph supporting the hypothesis acquired from test subject 
three. 

 

Valuable insights into the functional aspects and challenges were gained from these 

three participants. Subsequently, the methods and techniques that were found to be 

somewhat effective were further tested on two additional subjects. 

4.2 Measurements on test subjects  

Last two test subjects included test subject four, a female weighing 70 kg, and test sub-

ject five, a male weighing 63 kg. For subject four it was difficult to find a suitable intensity 

for the EMS device. Some of these measurements failed because the impulses from the 

EMS device interfered with the impedance measurements. Figure 20 illustrates one of 

these measurements in which the device induced excessively strong currents. This in-

terference can be observed from 90 seconds to 120 seconds when the device is active. 
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Figure 20. Impedance graph in which the EMS impulses cause a uniform interfer-
ence to the signal. 

 

The same device intensity was used on the previous subjects to produce measurements 

supporting the hypothesis. However, the appropriate intensity clearly varies from person 

to person and might also depend on the exact location of the electrodes and the voltage-

driven principle of the EMS device.  

For test subject five, the intensity was reduced. In the first three measurements, the same 

issue recurred, where the impedance continued to steadily increase throughout the 

measurement. One of these measurements is illustrated in Figure 21. From the figure, it 

can be observed that the increase is almost constant except for the point after 90 sec-

onds, where the EMS device is turned on. 
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Figure 21. Impedance graph in which impedance raises throughout the measure-
ment. 

 

It is quite difficult to study the effect of the EMS intervention on impedance based on 

Figure 21, but by processing the signal, for example by differentiating it, it could become 

clearer. Mere differentiation alone does not yield the desired outcome. The derivative of 

impedance continuously changes because of heart rate and breathing, causing the in-

tervention from the EMS device to be overshadowed by these variations. To better cap-

ture the general trend of impedance in the graphs without being affected by rapid and 

minor fluctuations, one possible approach could be to plot straight lines at certain time 

intervals within the impedance graph and then plot the graph illustrating just the slope 

coefficients of these lines. In Figure 22, the same impedance graph from Figure 21 is 

now drawn in such a way that, every 9 seconds, lines with slope coefficients following 

the common trend are plotted onto the graph. Figure 23 plots these slope coefficients 

onto another graph. As seen in Figure 23, the only time the slope coefficient of the line 

becomes negative is at the point where the EMS device is activated. However, the inter-

vention is not strong enough to lower the impedance for a prolonged period. 
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Figure 22. Impedance signal with plotted slopes every 9 seconds. 

 

 

Figure 23. Slope coefficients of plotted lines from Figure 22 illustrated. 

 

Once the baseline level of the test subject five finally stabilized at rest, a result was ob-

tained where the impedance decreased after the device was turned on. This measure-

ment is presented in Figure 24. The device is turned on at the 90-second mark, at which 

point the impedance drops. The device is turned off at the 120-second mark, but unfor-

tunately, just before this, the subject moves his leg, which causes the spike observed 

around the 112-second mark. 
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Figure 24. Impedance graph in which impedance drops after the device is switched 
on. 

 

Although the final measurements were not entirely successful, they offered additional 

insight into the difficulties of the method. The following section summarizes the main 

challenges encountered during the measurement process. 

4.3 Dicussion on study limitations 

In total, 56 measurements were conducted on the five test subjects. Out of all measure-

ments, only eight supported the hypothesis, while a total of seven were contrary to it. In 

19 of the measurements, the baseline continued to rise throughout the entire period. The 

remaining 22 measurements were affected by signal noise or were inconclusive, for in-

stance due to leg movement, or showed no observable effect from the EMS impulses.  

The different physical conditions of the participants and their varying sensitivity to EMS 

impulses introduced complexity to the study. For the heaviest subject, four EMS elec-

trodes were required to produce an observable intervention, even though the use of four 

electrodes had caused interference in the initial tests. The intensity levels that could be 

used for each test subject was dependant on the subject's muscle mass and other as-

pects of body composition. It was also observed that slight variations in electrode place-

ment between measurement sessions could lead to different sensations, which may 

have been due to the voltage-driven nature of the EMS device. At times, the stimulation 

was perceived as muscular contraction, while on other occasions it was experienced as 
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tingling on the skin. Determining the appropriate stimulation intensity was also challeng-

ing. An excessively strong impulse could cause different interferences, such as spikes, 

to the signal. 

The biggest challenge for the measurements was that, even while lying on the bed, the 

thigh impedance could rise for a long time before baseline level finally stabilized. Usually, 

in these cases, when the EMS device was turned on, the impedance would decrease for 

a moment. However, there was never an instance where the EMS impulses decreased 

the impedance for the entire duration the device was on in the case of the high baseline 

wander. This issue could potentially be mitigated by analysing the impedance trend over 

specific time intervals instead of focusing solely on the impedance value itself. However, 

the most effective way to prevent this phenomenon would have been for the subject to 

remain in a supine position for approximately 15 minutes prior to the starting of the meas-

urements. This would have likely ensured the stabilization of the baseline. Or alterna-

tively, some method should have been used to accelerate venous return, such as raising 

the examined limb [11]. 

For possible future studies, the intervention should be made stronger in a way that does 

not cause pain to the subject or interfere with the measurements. The impedance change 

caused by the intervention was approximately 0.1 Ω. This is a relatively small change, 

which meant that even minor disturbances could corrupt the entire measurement. There-

fore, a high degree of precision was required during the data collection. It would have 

been also possible to use even stronger impulses from the device, as in most of the 

measurements only about half of the device's maximum output was utilized. However, 

this would have caused uncomfortable sensations in the calf and even pain, which is 

naturally undesirable in terms of the method’s practicality. In addition, this would have 

likely caused interference to the measured signal. 

A more precise and anatomically detailed modelling of EMS impulses could also be ben-

eficial. This would allow for further fine-tuning of EMS electrode placements by identifying 

precisely which muscles are activated by the impulses and which veins are compressed 

as a result. This could potentially help explain why the impedance sometimes increased 

and at other times decreased in response to the impulses. One limitation of the study 

was that no artificial stimulation of a venous thrombosis was performed, and the meas-

urements were conducted under the assumption that all participants were healthy. As a 

result, it is only possible to speculate how a potential thrombosis would appear in imped-

ance graphs. Simulating thrombosis during measurements could provide valuable in-

sights and would be a worthwhile addition to possible future studies. For the method to 

be used in the future for DVT diagnosis, the desired intervention must be reproducible in 
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a systematic manner. Furthermore, reference values must be established to define the 

expected range of change in healthy individuals, so that deviations indicating potential 

pathology can be identified. 
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5. CONCLUSIONS 

The aim of the study was to determine the suitability of EMS technology for inducing 

interventions during impedance plethysmography measurements for the diagnosis of 

DVT. The fundamental hypothesis was that muscle contractions induced by EMS in the 

calf would accelerate venous return and the blood would pool in the thigh. This additional 

blood would then reduce the impedance measured from the thigh. Measurements were 

conducted on six test subjects. For one test subject, the testing of suitable parameters 

and electrode placements was carried out. For the rest, the actual measurements were 

performed. In total, 56 measurements were conducted on the test subjects. 

Out of all measurements, results supporting the hypothesis accounted for only about 14 

% of the total. In each of these measurements supporting the hypothesis, the EMS im-

pulses were sufficiently strong to induce forward flexion of the foot 

Various factors made it difficult to get consistent replication of these results. Confounding 

factors, such as variations in electrode placement, test subjects’ varying sensitivity to 

EMS intensity, and the physical condition of the test subject appeared to significantly 

influence the results. In some cases, impedance unexpectedly increased during stimu-

lation, which may indicate a more complex interaction between venous circulation dy-

namics and EMS activation than initially assumed.  

In up to one third of the measurements, the impedance baseline continued to rise 

throughout the entire measurement. This was due to the slowly emptying of the accumu-

lated blood in the thigh when moving from upright to supine position. In these measure-

ments, a small decrease caused by the EMS impulses was often observed, but it was 

smaller and shorter than usual. This phenomenon was consistently observed at the be-

ginning of the measurement sessions, which could explain why results supporting the 

hypothesis often appeared toward the end of the sessions. 

These findings suggest that EMS impulses can cause an intervention and alter the ve-

nous blood flow, which can be observed from impedance graph acquired from IPG de-

vice. The changes in blood volume and impedance induced by the interventions, were 

relatively small. As a result, various interferences had a greater impact on the measure-

ments, making them more challenging.  

Based on the results of this thesis the method does not seem promising. For possible 

future studies, the intervention should have a stronger effect without causing pain to the 

subject. A more precise and anatomically detailed modelling of EMS impulses could also 
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be beneficial. This would allow for further fine-tuning of EMS electrode placements by 

knowledge about precise location needed for specific muscle intervention and subse-

quent vein compression. It would also be beneficial to simulate leg thromboses and ex-

amine their effects on the impedance changes. 
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