
 
 

 

 

 

 
 
 
 

On using acousto-electric interaction effect for current 

mapping in denervated degenerated muscles: feasibility 

study, design and testing of instrumentation 

by 

Björg Guðjónsdóttir 

Thesis 

Master of Science 

 

June 2011 

 

  



 
 

 

  



 
 

 

 

 

 

On using acousto-electric interaction effect for current 

mapping in denervated degenerated muscles: feasibility study, 

design and testing of instrumentation 

  

Björg Guðjónsdóttir  

Thesis submitted to the School of Science and Engineering 

 at Reykjavík University in partial fulfillment  

of the requirements for the degree of  

Master of Science 

 

 

June 2011  

 

Supervisor:  

Þórður Helgason, Dr. 

Associate Professor, Reykjavík University, Iceland  

Examiner:  

Magnús Örn Úlfarsson, Phd 

Assistant Professor, University of Iceland, Iceland  



 
 

 

  



 
 

 

 

 

On using acousto-electric interaction effect for current 

mapping in denervated degenerated muscles: feasibility study, 

design and testing of instrumentation 

  

Björg Guðjónsdóttir  

Thesis submitted to the School of Science and Engineering 

 at Reykjavík University in partial fulfillment  

of the requirements for the degree of  

Master of Science 

 

 

June 2011  

 

Student:  

   ___________________________________________ 

   Björg Guðjónsdóttir 

 

Supervisor:  

   ___________________________________________ 

   Þórður Helgason 

    

Examiner:  

   ___________________________________________ 

   Magnús Örn Úlfarsson 

  



 
 

  



 
 

 

 

 

 

 

 

 

 

 

“I hear and I forget – I see and I remember – I do and I understand” 

-Confucius 

  



 
 

 



 

i 
 

Abstract 
 

In the present study a new non-invasive method to monitor the effectiveness of electrical 

stimulation of degenerated denervated muscles (DDM) is proposed. The method is based on 

the acousto-electric effect (AE) where ultrasonic pressure waves modify the tissue 

conductance as they travel through the muscle. If current is present, artificial or physiological, 

the interaction between the conductivity change and the current produces a voltage signal, the 

acousto-electric interaction (AEI) signal, which can be recorded by surface electrodes. The 

signal has the same frequency as the ultrasound wave and if a focused ultrasound is used the 

spatial resolution of the signal can be of several millimeters. The AEI signal could give 

information on either stimulating current density at specific locations inside the muscle or 

even, if the method is sensitive enough, on current densities generated by muscle fibers. 

The feasibility of recording AEI signals from DDM undergoing electrical simulation was 

evaluated and the correlation between electrical current density and AEI signal strength was 

observed with a simple electrical circuit model. The fact that the AEI signal is proportional to 

current density and pressure implies that AEI signal mapping is a feasible alternative because 

of the strong stimulation current pulses and the possibility of using stronger pressure waves. 

Several measuring instruments were designed and built to facilitate the measurement of an 

acousto-electric interaction signal in a conducting homogenous material. For AEI signal 

recording in a measurement sensor within a well defined volume a high gain amplifier is 

needed preferably with bipolar inputs to minimize noise, and good high pass filtering to 

isolate the high frequency voltage signal from the injected current. For proper quantification 

of the AEI signal the ultrasound bursts need to be synchronized with the alternating current 

injected into the measurement sensor and the amplitude of the ultrasound wave has to be 

known.  

Keywords: Acousto-electric effect, ultrasound, electrical stimulation, denervated degenerated 

muscles.  
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Útdráttur 
 

Í þessari rannsókn er lögð fram ný vöktunaraðferð til þess að fylgjast með raförvun aftaugaðra 

og rýrnaðra vöðva. Aðferðin byggist þeirri staðreynd að þegar úthljóðsbylgja fer um leiðandi 

efni mótar hún leiðnina í efninu staðbundið og nefnist þetta fyrirbæri hljóðrafhrif (e. acousto-

electric effect). Ef straumur er til staðar, raförvunarstraumur eða aðrir líffræðilegir straumar, 

verður víxlverkun milli leiðnibreytingarinnar og straumsins þannig að spennumerki myndast 

sem nefnist AEI merki (e. acousto-electric interaction (AEI) signal). Það hefur sömu tíðni og 

úthljóðsbylgjan og ef úthljóðsbylgjan hefur brennipunkt (e.focus point) getur rúmupplausn 

AEI merkisins verið nokkrir millimetrar. Stærð spennumerkisins gæti því gefið upplýsingar 

um straumþéttni í vöðvanum sem myndast fyrir tilstuðlan raförvunarstraumsins og jafnvel 

gæti merkið sagt til um straumþéttni sem myndast við samdrátt vöðvaþráða, sé aðferðin nógu 

næm.  

Hagkvæmni þess að taka upp AEI merki í aftauguðum, rýrnuðum vöðvum sem verið er að 

raförva var metin út frá þekktum heimildum og með því að stilla upp einföldu rásarlíkani af 

læri. Þar var reiknuð út möguleg straumþéttni sem myndast í vöðva vegna raförvunarstraums 

og út frá straumþéttninni var síðan hægt að meta styrk AEI merkisins. Niðurstöðurnar benda 

til þess að kortlagning á AEI merki til að fylgjast með árangri raförvunar sé bæði gagnleg og 

framkvæmanleg. Helsta ástæðan fyrir því eru sterkir raförvunarpúlsar og grófleiki og stærð 

lærvöðvanna. Stærri vöðvar opna möguleikann á því að nota sterkari úthljóðsbylgjur en áður. 

Hannaður var tækjabúnaður með því markmiði að taka upp AEI merki í einsleitu leiðandi 

efni. Svo hægt sé að taka upp AEI merki í skilgreindu rými með sérstaka rafskautauppröðun 

er þörf á góðum magnara sem býður upp á mikla mögnun, helst með tvöföldum inngangi til 

þess að takmarka suð. Einangra þarf hátíðni spennumerkið frá straummerkinu með góðri 

háhleypisíu. Svo hægt sé að magngreina merkið með góðum árangri þarf úthljóðsbylgjan að 

vera samstillt straumbylgjunni og stærð úthljóðsbylgjunnar verður að vera þekkt. 

Lykilorð: Hljóðrafhrif, úthljóð, raförvun, aftaugaðir og rýrnaðir vöðvar 

Ritgerðin heitir á frummálinu: Notkun á hljóðrafhrifum við kortlagningu á straumdreifingu í 

aftauguðum og rýrnuðum vöðvum; hagkvæmniathugun ásamt hönnun og prófun á 

mælibúnaði. 
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1. INTRODUCTION 
 

1.1. Motivation and physiological background 

Permanent lower motor neuron denervation of limbs is the result of spinal cord, spinal roots 

or pheripheral nerves trauma[2]. This type of paralysis, named flaccid paraplegia, is 

accompanied by loss of muscle tone and absence of muscle reflexes in the lowest part of the 

spinal column, because of nerve supply absence to the affected limbs. Patients suffering from 

paraplegia present serious secondary medical complications[2-5] such as severe muscle 

atrophy, deficient blood circulation, osteoporosis and pressure sores. By stimulating 

denervated muscles it is possible to prevent degeneration of the muscle fiber along with 

preventing or reducing the secondary complications[2, 6]. 

 

  

Fig. 1: Left: A CT image cross section of a thigh of a healthy individual. Right: A CT cross section of a thigh of a 

individual suffering from paraplegia. The loss of muscle mass of the paraplegic patient is evident. 

Electrical stimulation (ES) is a technique where artificial stimulus directly activates the 

excitable structures of a muscle cell. Muscular contractions can only be evoked by 

depolarizing the cellular membrane of each single muscle fiber since the neuromuscular 

junction is no longer present and the motor units have decomposed. The success in muscle 

fiber recruitment during stimulation depends on the homogenous distributed electric field 

applied to the target muscle[4]. By delivering high-intensity and long duration biphasic 

impulses directly to the denervated skeletal muscle it can elicit contractions in absence of 
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nerve endings[2]. The stimulation current required exciting the muscle cells are up to 250 mA 

with pulse width between 10 and 300 ms[7, 8].  

Using electrical stimulation regularly as a therapeutical resort results in [2-5]; increased 

muscle size and muscle force, increased number of capillaries and therefore better blood 

circulation, increased bone and skin density, improved cosmetic appearance of lower 

extremities and reduction of leg edema.  

 

Fig. 2: 3D image showing rectus femoris (red) and patella (blue) attached to the femur (gray). The first picture from 

left is from a patient suffering from flaccid paraplegia for 4 years. Second from left is the same patient after 4 years of 

ES. Third from left shows a healthy individual for reference. 

For an effective ES treatment and for a guaranteed contraction of the whole muscles a new 

monitoring technique is needed. A monitoring method which enables physicians, physical 

therapists and other clinical staff to see if the patient is responding to the treatment and if the 

whole muscle is contracting or which part of it. Gargiulo, Helgason et al[9, 10] have 

demonstrated, with the aid of CT scans and 3D software, that during ES therapy some 

muscles or muscle parts are overtrained, while others continue to degenerate. This fact is 

evident in fig. 2. After four years of electrical stimulation, rectus femoris has gained both 

volume and density – but this gain is only occurring at the center of the muscle. Meanwhile, 

other parts of the muscle have continued to degenerate like the proximal end, attached to the 

hip. These results from the ES therapy can be traced to the fact that the rectus femoris is a 

bipennate muscle where bundles of skeletal muscle fibers called fascicles, are parallel lined 

up in two rows that are attached to a centrally positioned tendon[11, 12] as can be seen on 
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fig.3. Therefore, while stimulating the thigh muscles, a contraction in the rectus femoris is 

only elicited directly under the current injecting electrodes. This development could have 

serious consequences for the ongoing deteriorating proximal part and the growing strength of 

the muscle´s central part could cause permanent damage at other locations in the muscle. 

The most common monitoring method now in use is placing a finger on the tendons 

connected to the muscles which are being stimulated. If the finger senses movement the 

muscle is considered contracting. The information gained from this method is very limited 

and only implies if a contraction occurs but does not give information on whether the entire 

muscle is contracting or just a small part of it. It does not inform which muscle is contracting, 

should more than one be attached to the tendon.  

Another approach to this problem is to use ultrasound and analyze the echo from the muscles. 

This gives more information than the “finger on tendon” method and can as an example, 

determine which of the four muscle bellies forming the quadriceps is contracting. The limiting 

factor of the echo approach is that it´s not possible to analyze which part of the muscle bellies 

(i.e. rectus femoris) is contracting. If the muscle is partly denervated or is only stimulated in 

an interval of its length and for an example, only the lower part is contracting, this method 

only gives information on whether the muscle is contracting but not which part is causing the 

movement. 

In the present study a new method to monitor the effectiveness of ES is proposed. The method 

is based on the fact that compressive waves modify tissue conductance, a phenomenon called 

the acousto-electric effect (AE)[13]. By applying ultrasonic waves to the muscle there is a 

certain change in the tissue conductivity and the interaction between the conductivity change 

and the electric current, either artificial or physiological, produces a voltage signal which can 

be recorded by surface electrodes. This acousto-electric interaction (AEI) signal, according to 

our hypothesis, gives information on either stimulating current density at a specific location 

inside the muscle or even, if the method is sensitive enough, on current densities generated by 

muscle fibers. The method will give real-time feedback of the electrical conductivity of the 

muscle tissue. 
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Fig. 3: The bipennate line-up of the fascicles in rectus femoris[12] 

1.2. The goal of the project 

The primary goal of the present study is twofold. First, evaluate the feasibility of using AEI 

signal as a current mapping method in thigh muscles based on known literature and quantify 

the strength of the AEI signal in relation to electrical current density inside the body by using 

equivalent circuit model. Second, design and build an experimental setup which has the 

purpose to produce and measure the acousto-electric interaction signal, in a conducting, 

homogenous material.  

1.3. Thesis overview 

This thesis is organized as follows : 

Chapter 2 covers the background theory reviewing on the physics and properties of 

ultrasound, ultrasound transducers and safety guidance on the use of ultrasound, the 

phemenology of acousto-electric interaction signal and finally the principles in amplification 

with junction field-effect transistors. Chapter 3 describes the materials and methods used for 

the present study; usability of AEI signal for current mapping in the thigh, estimation of AEI 

signal strength, design and fabrication of instrumentation and acousto-electric interaction 

(AEI) signal recording by using an ultrasound transducer. Chapter 4 reveals the results of the 

methods described above. The final chapter discusses the results of the study followed by 

conclusion of the work and future studies on the material enclosed in this thesis. 
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2. BACKGROUND THEORY  

 

2.1. Ultrasound 

Ultrasound is a sound wave, produced by a mechanical disturbance and moves as a pressure 

wave through a medium. These pressure waves have frequencies that are not audible to the 

human ear[14], usually defined above 20 kHz. Ultrasound used for clinical diagnosis has 

frequencies ranging from 1 MHz up to 20 MHz, depending on the distance the ultrasound 

beam has to travel and the resolution needed.  

2.1.1. The physics of ultrasound 

Ultrasound travels through a medium like a wave and produces a series of compressions and 

rarefactions. As the ultrasound wave distributes through the body, small tissue particles move 

back and forth in the same direction as the ultrasound wave is traveling[14]. This kind of 

wave is called a longitudinal wave. A sound wave travels through a medium with the speed of 

sound which is different for each material: 

 

   
 

  
 (2.1) 

 

The speed, c, depends on the compressibility,  , and the density ρ combined with the laws 

conservation of mass and momentum. The speed of the sound wave which travels through a 

living tissue is about 1540 m/s while traveling through air the speed is 330 m/s[14, 15].  
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Fig. 4: Characteristic properties of an ultrasound wave[16] The upper part of the figure describes how particles 

produce compression and rarefaction zones. In the compression zone the density of the material increases but 

decreases in rarefaction zones. The lower part of the figure demonstrates how pressure wave travels through a 

medium. 

It´s possible to describe a sound wave as displacement or a speed of particles but also as 

pressure which is a function of space and time, p(x,y,z,t). A simple wave, which only changes 

in one direction (+z,-z) and with time, is for example a sinusoidal function: 

                    (2.2) 

 

where k = 2π/  is the wave number. The wavelength,  , is the spacing between compressions 

and rarefactions and the wave oscillates with frequency f = kc/2π. The relationship between 

wavelength, speed of sound and frequency results in the following equation: 

 

   
 

 
 (2.3) 

2.1.2. Attenuation 

As the acoustic wave travels away from its source, it starts to attenuate and the amplitude 

decreases. One can think of the sound wave as a ray which penetrates through the tissue in the 

direction it´s pointed and as it goes deeper into the tissue the ray loses energy. The term 

attenuation refers to any mechanism that removes energy from the ultrasound beam. 
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The attenuation can be described exponentially and is due to absorption of the tissue and 

scattering and reflection of the wave. For a plane wave, traveling in the +z-direction, the 

amplitude decay can be described as: 

       
     (2.4) 

 

where Az is the actual amplitude of the traveling wave, depending on the z-position of the 

wave, A0 is the amplitude prior to any attenuation, μa is called the amplitude attenuation factor 

and has units cm
-1

 [14]. Based on the fact that that amplitude gain is usually presented in 

decibels, the attenuation coefficient can be defined as: 

                      (2.5) 

and has the units dB/cm. 

Absorption is responsible for 60%-90% of attenuation in soft tissue and scattering accounts 

for the rest[15]. Absorption is the process where wave energy is converted to thermal energy 

which is then dissipated in the medium. Since most attenuation measurements are conducted 

so that absorption is the dominant loss mechanism, the absorption coefficient α is used, which 

has the units dB/cm. Higher frequencies of ultrasound have shorter wavelengths and are 

absorbed easily and therefore are not as penetrating. This means that energy is removed more 

effectively from the higher frequencies of the sound wave. A model describing this 

dependency is: 

       (2.6) 

 

where b is slightly greater than 1 in biological tissues and f is the frequency[14]. Usually b is 

approximated to 1, which gives a relationship between frequency and absorption. The values 

of a (dBcm
-1

MHz
-1

) for skeletal muscles range from 1,3-3,3 depending on whether the wave 

is penetrating along or across the muscle fibers and for fat tissue the value of a is 0,63[14]. 

2.1.3. Ultrasound transducers 

Ultrasound can be produced and detected by using an ultrasound transducer. The transducer 

contains a piezoelectric crystal which has the property to, in response to applied pressure; 

develop a voltage across opposite surfaces and vice versa. The crystal exhibits its greatest 

response at the resonance frequency [15] and it depends on the thickness of the piezoelectric 
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crystal. To achieve the best response, the thickness has to be half the wavelength of the 

ultrasound or any odd multiple of half wavelengths.  

An acoustic wave is created in the medium as the front face of the transducer is moved 

forward and at the same time a backward travelling wave is initiated into the transducer itself. 

The backward travelling wave reflects to the front face again, after hitting the back face of the 

transducer, reinforcing the forward travelling wave. The wave reinforcement peaks at the 

resonance frequency of the piezoelectric crystal.  

 

Fig. 5: A schematic of a typical ultrasound transducer[16]. The alternating potential difference across the crystal 

produces the ultrasound wave.  

In diagnostic ultrasound, sources of ultrasound with finite diameters are used and can be 

considered as a collection of point sources. Each source radiates a spherical wave front 

describing spheres of increasing diameter at increasing distance from the source. The point 

sources intersect each other in zones of compression or rarefaction producing either 

constructive or destructive interference regions where the wavelets are either reinforced or 

cancelled.  

The beam pattern of a transducer, shaped as a cylinder with a flat face, can be approximated 

with a simple model. Assuming a transducer with a diameter of D and pointing down the z-

axis. Closest to the transducer´s face there is the geometric region ranging out to D
2
/4λ, λ 

denoting the wavelength of the ultrasound wave. Beyond this point is the Fresnel region and it 

has the length of D
2
/λ[14, 15]. The interference of wavelets is most apparent in the Fresnel 

region and most of the ultrasound energy is limited to the diameter of the transducer. Beyond 

the Fresnel zone is the Fraunhofer zone, where the beam starts to spread as the ultrasound 
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energy decreases. The beamwidth is approximately w(z) = λz/D, where z is the distance from 

the face of the transducer and given that z > D
2
/λ.  

 

Fig. 6: Simple field pattern geometry[14] for a cylindrical transducer with flat face and of diameter D. The geometric 

region is only valid closest to the transducer´s face and is not shown. The Fresnel zone has the length of D2/λ and 

beyond that is the Fraunhofer zone where the beam starts to spread. This approximation ignores the “waist” in the 

Fresnel zone. 

A focused ultrasound transducer produces a beam pattern that is shaped into a narrower beam 

at some distance from the transducer‟s face. The narrowing zone is called focus zone and the 

ultrasound intensity can increase by a factor of 100 compared to the intensity outside the 

focus zone[15]. The ultrasound wave intensity is related to maximum pressure, PMAX: 

 
   

    
   

 (2.7) 

where ρ is the density of the medium and c the speed of sound in the medium. The intensity 

describes the energy transport rate of the ultrasound beam per unit area. As can be seen on fig. 

7 a narrow beam can be elicited by a relatively large transducer at the focal depth. Narrower 

ultrasound beam produces better spatial resolution but the drawback is that is causes the beam 

to diverge more rapidly than with an unfocused transducer. This results in a possibly worse 

resolution at smaller and larger distances than the focal depth for the focused ultrasound than 

the unfocused one[14]. 

 

Fig. 7: Approximate field pattern for a focused ultrasound transducer[14] with a curved face of diameter D. The focal 

depth is designed to be at the range z = d and the beamwidth at focal depth is λd/D.  
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2.1.4. Ultrasound Safety 

When using ultrasound as a clinical application it is necessary to account for possible 

biological effects. Too much pressure can cause tissue damage. The mechanically induced 

disturbance of the medium can be so great that it leads to a formation of microscopic 

bubbles[15]. As these bubbles collapse, shock waves are produced that seriously disturb the 

medium if produced in large quantities. This effect is called dynamic cavitation. The level of 

possible mechanical effects is indicated with the mechanical index, MI[17]. MI is intended to 

offer a rough guide to the likelihood of the occurrence of cavitation: 

 
   

  

  
 (2.8) 

 

where P- is the ultrasound peak negative pressure (MPa) anywhere in the ultrasound field and 

f is the pulse center frequency (MHz). The British medical ultrasound society has published 

guidelines for the safe use of diagnostic ultrasound equipment[18] where MI <1,9 indicates 

that the risk of cavitation is minimal and regulations require the MI to be lower than 1,9. 
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2.2. The acousto-electric effect 

The acousto-electric effect was first presented in 1946 by Fox et al [13] after studying the 

effects of ultrasonic pressure changes on conductivity on electrolytes. As a sound wave 

distributes through an aqueous solution it produces periodic change in pressure and 

temperature and therefore modifies the conductivity of the solution inside the insonified 

volume determined by the ultrasound source. By applying electric current to the solution, the 

change in conductivity gives rise to a change in voltage, producing the acousto-electric 

interaction (AEI) signal. The interaction signal is proportional to the pressure change and the 

amount of current flowing through the medium and has the same frequency as the acoustic 

pressure wave. 

 

Fig. 8: Principle of acousto-electric interaction[19]Two electrodes with area S, injecting current i, which direction is 

perpendicular to the acoustic wave, dP. The pressure change induces a change in conductivity which interacts with 

the current and results in a potential difference- the AEI signal. 

The phenomena causing the modulation of the conductivity are; periodic acoustic pressure 

change and change in temperature[20]. The change of pressure would be considered the direct 

phenomena and the temperature change indirect, since it is the result as the pressure cycle 

produces mechanical work which is converted into heat. The period of an acoustic wave is 

much smaller than the time constant of heat transfer between a given volume and the 

surrounding medium[20, 21]. This is called adiabatic process, in which no heat is transferred 

to or from the working fluid.  

The resulting effects from the direct and indirect phenomena are; a change in molar 

concentration due to bulk compressibility and thermal expansion effect, and a change in ion 

mobility due to the changes in solvent viscosity against pressure and temperature. For weak 

partially dissociated electrolytes, the dissociation equilibrium changes against pressure and 

temperature as well, but for strong electrolytes the dissociation constant is equal to unity. The 
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dissociation constant quantifies the propensity of an ion compound to separate. Therefore the 

conductivity of physiological fluids is only subjected to molar concentration and ionic 

mobility since the fluids consist of strong electrolytes which are totally dissociated[20]. The 

conductivity change,   , due to the acoustic pressure change,   , can be expressed by the 

following equation[19, 21, 22]: 

 

           (2.10) 

 

where KI (Pa
-1

) is the interaction coefficient which is the sum of the bulk compressibility, 

solvent viscosity and change of mobility. According to [20-22] the change in conductivity is 

about 0.1% per MPa in a 0,9% NaCl solution. The bulk compressibility is responsible for 

about 47% of that change, 18% comes from pressure induced change in viscosity and 35% 

comes from thermal induced change in ion mobility[20].  

 

Based on eq.(2.10) the voltage V(t) can be measured as a pressure wave intersects a uniform 

current field in a conducting medium, between two current injecting electrodes which 

experience the resistance R0, and modulates the conductivity[22]: 

 

                (2.11) 

where: 

 
   

 

  

 

 
 

 

(2.12) 

S is the area of the electrodes and l is the distance between them. Eq.(2.11) shows that the 

interaction voltage signal is proportional to the magnitude of the current field as well the 

applied pressure and it has the same frequency as the applied pressure wave.  

A better approximation for the modulated voltage signal is described in eq.(2.13) where 

following boundary conditions are taken into account; shape of the conducting body, location 

of the current injecting electrodes and the sensitivity distribution of the recording electrodes, 

called lead field[23-25]: 

 
        

                        (2.13) 
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Vi is the voltage sensed by lead i , where a lead is a pair of electrodes, and    
  is the lead field, 

   is the distributed current field across the conducting medium and            ) 

represents the change in resistivity, Δρ. This approach is based on lead field theory described 

by Malmivuo[1] and is further addressed in section 2.2.1. By expanding eq.(2.13) the voltage 

signal Vi is the sum of two signals, V
LF

 and V
AEI

: 

 
        

                            
 

  
  

     
                                         

  
   

 
 

where the first term, V
LF

, represents the low frequency signal generated by the current source 

and the second term, V
AEI

, represents the high frequency AEI signal. 

If a pulsing ultrasound wave is used only a small part, the insonified volume of the medium 

experiences a pressure change at a given time[21]. The size of this part is determined by the 

longitudinal and transverse spatial resolution, where the former consists of the product of the 

ultrasound velocity and the burst length. The latter is determined by the width of the sound 

beam and thus depends on the characteristics of the ultrasound source[21].  

The field of the AEI effect has not been thoroughly investigated and is only touched upon in a 

handful of papers. Recent studies on the effect have been directed at medicine and biology in 

hope for producing detectable interaction signal by using moderate intensity ultrasound. The 

interest in the phenomenon was revived by Jossinet, Lavandier and Cathignol in the late 

nineties as they performed several experiments on the effect and how it correlated with 

pressure and current. The experiments gave results of an interaction factor of 5,3 µVmA
-

1
MPa

-1
[19] and that the effect depends very little on the physiological ion species ensuring the 

conduction in the medium[21]. The group also studied how volume and pressure affects the 

AEI signal strength and the change in resistance, ΔR, with respect to variable pressure and 

volume. Results indicated as the volume is larger, the current density decreases, therefore the 

amplitude of the recorded signal is smaller.  

Witte et al[26] explored the possibility in using the AEI effect to monitor the current flow in a 

living neural tissue. Results showed that the AEI signal was proportional to pressure, 23 

µV/MPa at a current density of 75 mA/cm
2
 and to current density, an increment of 0,7 

µV/(mA/cm
2
) at constant pressure of 2 MPa. The signal was detected at physiologically 

relevant current densities (<10 mA/cm
2
) and with pressure typical for clinical ultrasound. 
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Fox et al[13] showed that the AEI signal decreases linearly with increased frequency of the 

ultrasound wave. The reason is related to the size of the volume which the electric current 

flows with respect to wavelength ( ) of the sound wave and possible interference by the 

recording electrodes because of pressure change. According to[20] it may be necessary to take 

these facts into consideration when recording the AEI signal at greater depths. 

Based on results from Jossinet, Lavandier and Cathignol, Olafsson et al[23-25, 27] developed 

a new way to map biological currents in a live rabbit heart using ultrasound. The mapping 

method, called ultrasound current source density imaging (UCSDI), is based on using the 

sensitivity distribution of an electrode pair to map the unknown electric field as the ultrasound 

focus is moved in even steps through the conducting medium. In each step an acousto-electric 

interaction signal is measured, only depending on the dot product of the two fields constructed 

by the sensitivity and current distribution. Therefore each AEI signal measurement is 

proportional to the projection of the unknown current distribution onto the sensitivity field 

local to the focal zone. The result is an UCSDI image consisting of several signal 

measurements in a pixel grid, showing a spatial map of the current distribution. Then with 

reconstruction methods the current density can be attained. 

 

2.2.1. Lead field theory- properties of dipoles in a conducting volume 

A dipole is a pair of two point charges, separated with distance d. The charges, q, are of the 

same magnitude but with opposite polarities, positive and negative[28]. A pair of electrodes 

can be defined as a dipole. The electrodes are separated with distance d and I0 is the strength 

of the current which flows between the pair. The dipole can then be defined as a unit vector, 

with direction from the negative pole towards the positive one. The dipole vector,   , can be 

defined as:  

         (2.14) 

 

where    is the displacement vector between the electrodes. 

 

The potential,     in point P due to dipole,     can then be expressed as:  

 

                      (2.15) 
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where                     and                    and              are unit vectors[1]. The 

vector    is called a lead vector, where lead stands for a pair of electrodes. The lead vector is a 

three dimensional proportionality coefficient since    is proportional to the sum of the 

potentials of each dipole component. Eq.( 2.15) can be simplified to: 

          (2.16) 

 

The value of the lead vector,   , depends on the locations of the dipole and the point P, the 

shape of the conducting volume and its resistance. 

 

Fig. 9. Left: A dipole vector and its components, located in a conducting volume. Right: Potential difference V12 

measured in points P1 and P2 due to dipole source placed at point Q[1]. 

 

For a dipole    at a fixed location, a lead vector can be determined for each point, P, which lies 

within or at the surface of the conducting volume. The potential difference measured between 

two points, Pi and Pj is then: 

 

            (2.17) 

 

Vij describes the voltage that would be measured by a pair of electrodes, with one electrode 

positioned at point Pi and the other at point Pj. This lead voltage corresponds to the lead 

vector: 

              (2.18) 
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and      is the lead vector for the pair of electrodes positioned at Pi and Pj. The voltage 

between the two points described in eq.(2.17) can also be written by substitution of eq.(2.16) 

as follows:  

                                 (2.19) 

 

This leads to the fact, that a potential difference, V, can be measured by a pair of electrodes 

according to the following equation: 

         (2.20) 

where    is a lead vector. 

The length and direction of a lead vector varies as a function of the location of the dipole 

source. For a dipole with a fixed location, each point in space can be assigned to certain value 

of a lead vector and a lead vector field,    , is established, distributed through the conducting 

volume. Since the lead vector indicates the sensitivity of the electrode pair to the dipole with 

eq.(2.20), the distribution of the lead vector values, magnitude and direction, is concurrently 

also the distribution of the sensitivity of the lead to the dipole source as a function of its 

location and orientation. 

 

  

Fig. 10. Blue arrows indicate the lead field in a conducting volume. Each dipole element contributes to the 

measured voltage VL according to eq. 2.20. The total voltage is the sum of each lead voltage element, Vk[1]. 
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2.2.2. Ultrasonic vibrational potential – The Debye effect 

An electric signal is also produced by the propagation of an acoustic wave, even in absence of 

any applied electric field. This is called the Debye effect. When ultrasound is applied to a 

conducting material a potential difference is induced as a function of pressure. This was first 

introduced in 1933 by Peter Debye, a Dutch physicist. The signal, called ultrasonic vibrational 

potential (UVP), “is the result from the motion of the ions experiencing frictional forces 

caused by periodic displacement of the surrounding liquid[20]”. If the positive and negative 

ions do not have equal masses and frictional coefficients, the charges will experience a 

periodic separation. This will modify the charge density distribution and gives rise to the 

UVP. The equation for the UVP can be written as[20]:  

 

   
  

  
   

         

     

   
  

    
   
   

 

 

 
 

 
(2.21) 

 

where   is the magnitude of the UVP signal (V); mH is the mass of the hydrogen atom (kg); 

qe is electron charge (C); c is sound velocity (ms
-1

); a0 is displacement speed of the medium 

(ms
-1

); u1, u2 are mobilities of the ions (m
2
s

-1
V

-1
); M1, M2 are the masses of the solvated ions 

(kg); σ is conductivity of the solution (Sm
-1

);   is dielectric permittivity of the solution (F m
-

1
); and ω is angular frequency (rad s

-1
).  

In aqueous solution the UVP signal has the magnitude of microvolts, depending on the mass 

difference between the ions composing the solution and measurements in gels and several 

animal tissue in vitro showed that UVP depends on the composition and physical properties of 

the medium[19]. 

The fact that the UVP and the AEI signal are both a resultant of an acoustic pressure, these 

two different signals have to be resolved. Since the Debye effect is not affected by the 

injecting current, two separate measurements are made, keeping the amplitude of the current 

constant and inverting its polarity. This method was first applied by Lavandier et al[19]. The 

signal resulting from the AEI effect corresponds to the difference between these two 

measurements. 
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2.3. JFET Amplification 

The JFET (junction field-effect transistor) is a type of transistor that operates with a reverse-

biased pn junction to control current in a channel and is either categorized as n-channel or p-

channel[29]. The basic structure of an n-channel JFET has two p-type regions diffused in the 

n-type material to form a channel. The drain and the source wire leads are connected to each 

end to the n-type material and the gate lead is connected to both of the p-type regions. 

By applying supply voltage it provides a drain-to-source voltage and supplies current from 

drain to source. The JFET is always operated with the gate-source pn junction reverse biased. 

The negative gate voltage produces a depletion region along the pn junction which extends 

into the n channel. By controlling the gate voltage the depletion region restricts the channel 

width or increases its resistance, therefore controlling the amount of drain current, ID. The 

drain current decreases as the magnitude of VGS is increased to large negative values because 

of the narrowing of the channel. 

The value of VGS that makes ID approximately zero is the cutoff voltage, VGS(off). This cutoff 

effect is caused by the widening of the depletion region to a point where it completely closes 

the channel. The JFET must be operated between VGS = 0 and VGS(off). For this range of gate-

to-source voltages, ID will vary from a maximum of IDSS to a minimum of almost zero. IDSS 

(drain-to-source current with gate shorted), is the maximum drain current that a specific JFET 

can produce, specified when VGS is zero. 

A JFET transfer characteristic curve shows the relationship between VGS and ID, see fig. 12. 

The curve shows the operating limits of a JFET; ID = 0 when VGS = VGS(off) and ID = IDSS when 

VGS = 0. The curve is expressed as: 

 

          
   

        
 

 

 (2.22) 

 

With VGS(off) and IDSS known, the ID can be determined for any VGS. These quantities are 

usually available from the data sheet for a given JFET. 
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2.3.1. JFET biasing 

By selecting the proper dc gate-to-source voltage, a desired value of drain current is 

established. This is called biasing and the purpose is to generate a suitable operation point (Q-

point) for the transistor. Self-bias is the most common type of JFET bias since it eliminates 

the need for two dc supplies[29],[30] and the VGS is controlled by the voltage across RS, 

introduced in the source leg. 

 

Fig. 11: JFET self-bias configuration[30]. G, D and S stand for gate, drain and source respectively. There is no voltage 

drop across RG and therefore VG is at 0 V. 

For the n-channel JFET circuit in fig.11 the current through RS is the source current IS. It 

produces voltage drop across RS and makes the source positive with respect to ground. Since 

IS equals ID and the gate voltage is zero, then VS = IDRS and the gate-to-source voltage is: 

                      (2.23) 

 

The level of VDS can be determined by applying Kirchhoff´s voltage law on the output circuit:  

                   (2.24) 

 

this results in the drain-to-source voltage: 

                   (2.25) 
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Determining the value of ID for a desired value of VGS one can either use the transfer 

characteristic curve or by using IDSS and VGS(off) found on the JFET data sheet and eq.(2.22). 

Then calculate the required value of RS using the following relationship: 

 
    

   

  
   (2.26) 

Using the transfer characteristic curve along with certain parameters the Q-point can be 

approached graphically. A self-bias dc load line is established between two points given the 

following conditions; VGS when ID is zero and VGS when ID = IDSS. The point where the line 

intersects the transfer characteristic curve is the Q-point for the transistor. 

 

 

 

Fig. 12:  A standard JFET transfer characteristic curve[31]. IDSS is the maximum current that a JFET can produce, 

specified when VGS is zero. VGS(off) is the cutoff voltage when no current flows. 
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2.3.2 Common source amplifiers 

A common source amplifier is a basic single-stage field-effect transistor (FET) amplifier. 

Common-source means that the signal enters at the gate and exits the drain, leaving the source 

terminal connected to ground. The common-source configuration is the most popular, 

providing an inverted amplified signal. 

 

Fig. 13: Schematic of a common-source n-channel JFET amplifier[30]. 

The resistor RG, serves two purposes. It keeps the gate voltage at approximately 0 V dc 

because due to the very input resistance the input current is generally assumed to be close to 

zero. RG also prevents loading of the ac signal source since it has a large value (megaohms). 

The bypass capacitor, CS, keeps the source terminal at ac ground. 

The input signal at the gate causes the gate-to-source voltage to oscillate about VGSQ which 

causes an equivalent swing in the drain current. As ID increases, so does the voltage drop 

across RD and VD is decreased. The drain current swings about its Q-point in phase with VGS. 

VDS swings about its Q-point value and is 180° out of phase with VGS. 

The voltage gain for a common source amplifier in fig.13 is: 

         (2.27) 

and the signal output of the amplifier: 

              (2.28) 
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where Vout is the output signal at the drain or Vds and Vin = Vgs. gm is the forward 

conductance. 

The forward transconductance, gm, is the change in drain current resulting from a change in 

gate-to-source voltage as the drain-to-source voltage is kept constant. Since the transfer 

characteristic curve for a JFET is nonlinear the forward transconductance varies in value 

depending on the location on the curve set by VGS:  

 
         

   
        

  (2.29) 

where 

 
    

     

          
 (2.30) 

 

Because the input to a common-source amplifier is at the gate, the input resistance is 

extremely high. Ideally, it approaches infinity and can be thought of as an open circuit. The 

high input resistance is produced by the reverse-biased pn junction in the JFET. The actual 

input resistance seen by the signal source is RG, in parallel with the FET„s input resistance, 

VGS/IGSS. IGSS is the gate reverse leakage current or the input current at the gate as mentioned 

earlier and its value is close to zero.  

 
        

   
    

 (2.31) 

The output resistance is represented by the drain-to-source resistor, rd, in parallel with RD. If 

rd is at least ten times larger than RD then the output resistance becomes: 

        

2.3.3. Amplifier Frequency Response 

The frequency response is the measure of an amplifier´s output spectrum, the change in gain 

or phase shift, in response to specified range of input signal frequencies. The magnitude or 

gain of the response is measured in decibels.  

The frequency range is affected by the capacitive elements of the amplifier´s circuit. The 

larger elements come into effect at lower frequencies, when the reactance of the capacitors 

becomes too large to neglect. In fig. 13 these are the coupling (C1 and C2) and bypass (CS) 
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capacitors and act as high pass filters. At high frequencies, the smaller capacitive elements 

become effective. The internal transistor junction capacitances start to have significant effect 

on the amplifier´s gain as the internal capacitive reactances go down.  

2.3.3.1. Low frequency response 

Capacitive reactance varies inversely with frequency. At lower frequencies the reactance is 

greater and more signal voltage is dropped across the capacitors. This causes the voltage gain 

to drop. Capacitive reactance is described as: 

 
   

 

    
 (2.32) 

where f is the frequency and C is the capacitance. 

The low frequency response is generated by the high pass RC circuits localized in the 

amplifier´s circuit. The coupling capacitor (C1) and the input resistance of the JFET form an 

input RC circuit while an output RC circuit is made from the output resistance and the output 

coupling capacitor (C2). Since the input resistance of FETs is very high, the input RC circuit 

usually causes the lowest cut-off frequency: 

 
        

 

        
 (2.33) 

 

The output circuit is formed by the output capacitor and the output resistance looking in from 

the drain. The critical frequency for this RC circuit is: 

 
         

 

        
 (2.34) 

 

Finally there is the bypass RC circuit, formed by the bypass capacitor (CS) and the resistor RS. 

Below cut-off frequencies the XC and RS produce impedance between ground and the source, 

causing too high reactance and preventing the signal current to run straight to ac ground. 

Instead the signal has to go through RS and therefore decreasing the gain. The critical 

frequency for the bypass RC circuit is:  

          
 

       
 , where        

 

  

   (2.35) 
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The total low frequency response is therefore the combined effect of the three RC circuits in 

the FET amplifier and each circuit has a critical frequency determined by the values of the R 

and C components. The RC circuit, which has the highest critical frequency of those three, is 

the dominant circuit. The dominant circuit determines the frequency at which the overall 

voltage gain of the amplifier begins to drop at -20 dB/decade. Then, the other two circuits 

each cause an additional -20 dB/decade roll-off below their cut-off frequencies. 

2.3.3.2. High frequency response 

At high frequencies, the coupling and bypass capacitors are assumed to have negligible 

reactances and therefore considered as shorts. However, there are other capacitive elements, 

the internal transistor junction capacitances, which come into play, because their reactances 

are significant at high frequencies. As the frequency increases these elements reduce the 

amplifier´s gain[29, 30].  

Cgs is the capacitance between gate and source and Cgd is the capacitance between gate and 

drain. These elements have very low value and at low frequencies they are considered as 

opens. As the frequency increases and the reactance decreases the capacitors start to affect the 

gain. As XCgs becomes small enough, a large portion of the voltage signal is lost because of 

the voltage division which takes place between the signal source resistance, Rs, and Cgs. With 

decreasing reactance of Cgd negative feedback occurs as a considerable portion of the output 

signal is fed back out of phase with the input and reduces the voltage gain.  

 

Fig. 14: Internal junction capacitances. At high frequencies their reactances become significant. Cgs is the capacitance 

between gate and source, Cgd is the capacitance between gate and drain and Cds is between drain and source. Cds is 

usually neglected since it does not affect the high frequency response. 
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2.3.3.3. Miller´s theorem 

At high frequencies where the internal transistor capacitances are critical, Miller´s theorem is 

used to simplify the analysis of inverting amplifiers[29, 30]. The theorem states that Cgd 

appears as a capacitor from input to ground and can be written as: 

                       (2.36) 

 

and appears in the input circuit parallel to Cgs. Miller´s theorem also states that Cgd appears as 

a capacitance from the output to ground as:  

 
                 

    

  
  (2.37) 

 

The Miller capacitances form high frequency, low pass filtering- input and output RC circuits, 

see fig. 15. The Thévenin equivalent input RC circuit consists of the resistance of the input 

signal source, Rs, and Cin(tot) = Cgs + Cin(Miller). Because Rs and Rin are parallel and Rs << Rin, 

Rs becomes the controlling resistance. The critical frequency for the RC input circuit is:  

 
               

 
 

            
 (2.38) 

 

The output RC circuit is formed by the Miller output capacitance and the output resistance 

looking in at the drain. Applying Thévenin´s theorem, the equivalent output RC circuit 

consists of RD in series with the equivalent output capacitance, Cout(Miller). The critical 

frequency of the output RC circuit is: 

 
                

 
 

                
 (2.39) 

 

As for low frequency response, one of the high frequency RC circuits has a cutoff frequency 

which dominates the other. The lower frequency causes the gain to drop -20 dB/decade and 

then -40 dB/decade as the frequency reaches the fc of the second RC circuit.  
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Fig. 15: High frequency ac equivalent circuit for the common-source amplifier in fig. 13. The input RC circuit consists 

of Rsig = Rs and Cin(tot) = Ci. The output RC circuit is formed by the Miller output capacitance, Cout(Miller) = Co and the 

output resistance looking in at the drain. The output current Id, equals the input voltage, Vgs, multiplied by the 

transconductance, gm. 
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3. MATERIALS AND METHODS  
 

The possibility of utilizing ultrasound current source density imaging as a monitoring method 

during electrical stimulation treatment will be presented in this chapter. The chapter also 

addresses the instrumentation employed to develop the acousto-electric interaction effect in 

the current study and the experimental measuring methods.  

The chapter addresses three topics; the usability of AEI signal for current mapping in the 

thigh, development and design of measuring instrumentation and finally AEI signal recording 

with an ultrasound transducer. 

3.1. Usability of AEI signal for current mapping in the thigh 

The long time goal of this study is to develop a new monitoring method which has the 

potential to map the current distribution in a thigh non-invasively. The method would be 

based on the methodology developed by Olafsson et al[24] called ultrasound current source 

density imaging (UCSDI), a new method to map current densities based on the acousto-

electric interaction effect. The method could give information on; 

1. stimulating current density distribution at specific locations inside the muscles  

2. if sensitive enough, give information on action potential currents generated by the 

muscle fibers either as a result of a voluntary movement or stimulation 

As a monitoring method during electrical stimulation treatment, the information on the local 

current densities could give information of whether the fibers are being stimulated enough for 

an action potential being produced and for muscle contraction to take place. Other factors 

affecting production of possible action potentials are the direction of the current and the size 

of the muscle fibers. The method would have a very good spatial resolution which is only 

limited to the properties of the ultrasound source. If a focused ultrasound is used a resolution 

of several millimeters is attainable.  

“Current source mapping using conventional electrophysiology is limited by the tradeoff 

between spatial resolution and level of invasiveness. Surface electrodes detect population 

responses from bulk tissue, whereas penetrating electrodes improve localization of the source 

at the cost of tissue injury[24]”. For patients suffering from flaccid paraplegia, the use of 

penetrating electrodes could entail serious complications. Because the blood circulation is 
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poor and therefore the skin is very thin, the multiple puncture wounds produced by the 

electrodes heal very slowly and increase the risk of infections. Current source mapping with 

surface electrodes is an inverse problem in which the field and the volume conductor are 

known. The method requires as many recording places as possible, where the recorded signals 

are related to the underlying geometry and tissue resistivity[1] and the solution of the problem 

is not unique.  

The monitoring method suggested in this work would be carried out as the thigh is treated 

with electrical stimulation where, in the simplest case, two large current injection electrodes 

are placed on its surface, see fig 16. Then recording electrodes are placed on the thigh, one 

pair for each space dimension close to the place of interest. An ultrasound source of some sort 

would be focused into to the thigh and moved in small intervals where in each step an AEI 

signal is measured. The result is an UCSDI image consisting of multiple signal measurements 

in a grid, showing a spatial map of the current distribution for the whole thigh. The image can 

then be used to reconstruct the current density. The map enables design of an array of 

electrodes which would optimize the stimulation treatment by guaranteeing an adequate 

current distribution in the muscle of interest. Each electrode array would then be unique for 

each patient. This is very important because as muscles start to degenerate they will lose their 

original shape and reposition[6]. Therefore it is no longer safe to rely on predetermined 

anatomy. 

 

Fig. 16: A patient undergoing electrical stimulation treatment. Two large surface electrodes are placed on each thigh 

and high stimulation current is injected with a custom made stimulating device.  
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Standard equipment for an electrical stimulating treatment is a stimulator and current injecting 

electrodes. The instrumentation necessary for the recording of the AEI signal would be; a low 

noise signal amplifier with high input resistance and a bandwidth up to several MHz, 

depending on the frequency of the ultrasound source. Attenuation of the ultrasound wave is 

proportional to frequency, that is waves with lower frequency and larger wavelengths, λ, can 

penetrate deeper into the thigh but at the cost of spatial resolution. Therefore frequencies of 

500 kHz to 2 MHz would be preferred. Since the measured AEI signal is very small, in the 

order of µV, there is a need for high gain, preferably 60-80 dB[22, 26]. The high pass filter of 

the amplifier should have a cut-off frequency so the low frequency stimulating current could 

easily be filtered from the measured signal. Recording electrodes should have optimal 

electrode/electrolyte interface impedance, Ag/AgCl electrodes as an example. Finally, there is 

of course a need for an ultrasound source. 

In the literature, the ultrasound sources used to produce the AEI signal are either in the form 

of sinusoidal bursts or unipolar pulses produced by ultrasound transducers. For sinusoidal 

waves, opposite conductivity changes occur within the distance of a wavelength. Since the 

amplitude of those changes is about the same, their effect tends to neutralize each other[19, 

22]. If these changes are sensed by the electrodes at the same time it could attenuate the AEI 

signal. Therefore, using sinusoidal waves as an ultrasound source adds the constraint of 

directing the ultrasound source perpendicular to the current direction to produce as large AEI 

signal as possible. By using unipolar pulses, this effect can be eliminated.  

An example of a unipolar pressure source is a lithotripter. It has the advantage of producing 

strong shock wave pressure pulses, focused at depths of up to 200 mm. The focal zone is 

usually ellipsoid in shape, with its longest dimension along its axis of the shock wave[32]. 

The shock wave does not have a dominant frequency or tone, but rather it is characterized by 

a wide frequency range. Ideally, the shock wave is a dirac delta function in the time domain 

and thus has all frequency components in the frequency domain. The feasibility of using the 

lithotripter, apart from its strong pressure pulses and focus depths is the size of the focus 

point. By directing the ellipsoid focus point along the direction of current, the large change in 

conductivity results in a large acousto-electric interaction signal.  
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3.1.1. Numerical application on correlation between electrical current density and AEI 

signal strength during electrical stimulation 

This section had the purpose of roughly estimating the strength of an AEI signal produced 

inside a thigh muscle which is treated with electrical stimulation.  

As earlier reported in this thesis, the strength of the AEI signal is proportional to the pressure 

of the ultrasound wave and the electric current traveling through the medium, in this case the 

muscles in the thigh. The size of the conductive medium and the distribution of the current 

density also affect the magnitude of the signal being measured[22].  

Using a simple cylindrical model of a cross section of a thigh (radius = 8 cm), where a 

denervated muscle also of cylindrical form (radius = 1 cm) is surrounded by fat tissue, the 

current density in the thigh could be estimated when stimulating with two electrodes on the 

skin´s surface[33] 5 cm apart and given that the stimulating current applied spreads through 

the upper half of the thigh. 

 

Fig. 17: A schematic figure of a cross section of a thigh with the femur located at the center. The red circle represents 

the degenerated muscle i.e. rectus femoris and the yellow area denotes the surrounding fat tissue. A current injecting 

electrode is placed on the surface above the colored area. 
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A simple equivalent electrical circuit, based on parallel resistors was used. The resistivity, ρ, 

is 0,15 -0,5 Ωm for fat depending on the water content and 0,012-0,018 Ωm for muscle 

tissue[34]. The resistance Rt, where t stands for tissue type can be approximated by using 

eq.(2.12) where l is the length of the each tissue type and A the cross sectional area: 

     
 

  
 

Finally the current in each resistor could be found by applying current division for two 

parallel resistors in fig. 18: 

 
   

  
     

   (3.1) 

 

where IT is the total current injected and I1 denotes the current in resistor R1. When 

calculating current values for the muscle; I1 = IM, R1 = RM and R2 = RF and for the fat; I1 = IF, 

R1 = RF and R2 = RM. 

 

 

Fig. 18: A simple circuit model of the thigh. RF is the resistor for the fat and RM for muscle tissue. The current, I, is 

the stimulating current injected to the thigh from the surface electrodes.  

From eq.(3.1) and the area of each tissue type, the current density was calculated. According 

to[35] the voltage change ,ΔV, produced by the interaction of current density and pressure 

modulated conductivity can be approached with: 

                 (3.2) 

 

where KI is the interaction factor (MPa
-1

), ρ is the resistivity (Ωm), ΔP the pressure change 

(MPa), l is the diameter of the focus point crossing the axis of the injected current (m) and J is 
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the current density (A/m
2
). This means that the AEI signal, ΔV, is not only proportional to 

pressure and current density but also the size of the focus point producing the conductivity 

change. The derivation for eq.(3.2) can be found in Appendix A. The approximated AEI 

signal was calculated by using eq.(3.2) and then compared to values of AEI signals expected 

from using a correlation factor between current density and AEI peak amplitude of 

0,7µV/(mA/cm
2
) at 2 MPa. The factor was derived by Witte et al[26] when recording the 

acousto-electric interaction signal in a nerve cord. 

 

Fig. 19: A cross section of a thigh of a patient suffering from flaccid paraplegia. The green colored area is rectus 

femoris. The thickness of the fat tissue reaching from the surface to the fat/rectus femoris interface is 2,8 cm and the 

thickness of the rectus femors is 1,7 cm. Because of its position, near the surface at the top of the thigh, rectus femoris 

is the muscle which receives most of the stimulating current. With ongoing deterioration, muscle tissue is replaced 

with fat tissue. Since conductivity for muscle is somewhat greater than for fat tissue, the current density will be higher 

in the muscle than in the fat. 
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3.2. Design and fabrication of measuring instrumentation 

This chapter describes the designing and building process of the instruments needed for an 

experimental setup which intention was to produce and measure the acousto-electric 

interaction signal. Specification sheets for all the integrated circuits used in this chapter are to 

be found in Appendix B. 

3.2.1. JFET preamplifier 

The first step in current study was to build a preamplifier, since the only suitable amplifier 

available had too low input resistance. Low input resistance causes currents to flow and 

therefore loading the input signal. For the circuit design a field effective transistor, JFET, was 

chosen since one of its most important characteristics is high input impedance. The specific 

JFET chosen for this project was a n-channel 2N3819, manufactured by Fairchild 

Semiconductor
©

. Apart from the high input impedance the transistor also filled the following 

requirements; high frequency response and a very low noise level. The amplifier designed 

was a type of a single-stage FET amplifier with a common-source configuration, see fig. 20. 

 

Fig. 20: A circuit schematic for the JFET preamplifer. 

3.2.1.1. DC-biasing 

Since the typical values of the parameters provided by the manufacturer are only for design 

aid and the actual values can differ from one JFET to another, a transfer characteristic curve 

had to be measured to find the proper operating point (the Q-point) for the given transistor. 

This was done by placing potentiometer of 50 kΩ between the source terminal and ground 

and thereby control the gate-to-source voltage. The FET was supplied by 20 V and RD was 

3,3 kΩ. The drain current was calculated using by eq.(2.23), measured values of VGS and VDS 

and the relationship; ID = (VDD-VD)/RD. The results are listed in table 1 and in fig. 21. 
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VGS (V) VDS (V) VS (V) VD (V) ID (mA) 

0,00 1,21 0,00 1,21 5,70 

-0,50 1,73 0,50 2,24 5,37 

-1,01 4,03 1,01 5,04 4,52 

-1,48 8,24 1,48 9,72 3,10 

-1,89 11,76 1,89 13,65 1,92 

-2,00 12,97 2,00 14,97 1,52 

-2,22 14,00 2,22 16,22 1,14 

-2,52 15,60 2,52 18,12 0,56 

-2,60 15,96 2,60 18,56 0,43 

-2,72 16,37 2,72 19,09 0,27 

-2,74 16,40 2,74 19,14 0,25 

-2,90 16,76 2,90 19,66 0,10 

-2,97 16,80 2,97 19,77 0,06 

 

Table 1: Results from measurements and calculations for the transfer characteristic curve in fig. 19. The values VGS 

and VDS were measured with a digital multimeter. VS, VD and ID were then calculated by using eq.(2.23) and the 

relationship; ID = (VDD-VD)/RD. 

 

Fig. 21: Transfer characteristic curve (blue) for the JFET showing the relationship between gate-to-source voltage 

(VGS) and the drain current (ID). IDSS = ID = 5,7 mA  when VGS is zero is the maximum drain current the JFET can 

produce and VGS(off) = -2,97 V when ID ≈ 0. The self-bias dc load line (pink) implies the proper Q point for the given 

transistor where the line intersects the curve. 
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From the measured transfer characteristic curve in fig. 21; IDSS = 5,7 mA which is the 

maximum drain current, ID, the transistor can produce and VGS(off) = -2,97 V when the drain 

current is zero. The self-bias dc load line intersects the curve at VGS = -1,51 V and ID = 2,9 

mA, values which produce the Q-point for the transistor.  

The source resistor, RS, was found by applying eq.(2.26):  

    
   
  
  

      

      
          

The closest convenient value was 470 Ω. To maximize the range of the output signal, VD was 

chosen to be c.a. halfway between the supply potential and earth. Using supply voltage of 20 

VDD, 10 V needed to be dropped across RD. According to ohm´s law this resulted in RD = 3,3 

kΩ. RG was chosen to be 0,5 MΩ, large enough to prevent loading of the ac signal source. A 

circuit diagram of the dc-biased circuit is in fig. 22. 

 

Fig. 22: dc equivalent circuit of the common-source JFET amplifier. RG is the gate resistor and keeps the gate at 

approximately 0 V dc. RD is the drain resistor and RS the source resistor. VDD is the supply voltage for the transistor. 
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3.2.1.2. AC analysis 

Analyzing the common source amplifier in the ac domain and using the Q-point values 

attained from the characteristic curve, the forward transconductance was given by eq.(2.30): 

    
     

          
 
         

      
         

and eq.(2.29): 

         
   

        
            

      

      
          

The midrange gain for the unloaded amplifier was found by using eq.(20.27): 

                              

based on the assumption that the capacitors‟ reactance equals zero at the signal frequency.  

The input resistance is given by eq.(2.31): 

        
   
    

         
       

         
        

and the output resistance:  

               

The frequency response of the amplifier was subjected to the coupling (C1), bypass (C2) and 

internal capacitors. For the low frequency response the cut-off frequency for the input RC 

circuit was given by eq.(2.33): 

        
 

        
 

 

                 
           

and the cut-off frequency for the bypass RC circuit was found by using eq.(2.35): 

         
 

       
 

 

                
           

where        
 

  

  . 
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Miller´s theorem was used to find the cut-off frequencies for the high frequency response. 

Equations (2.36) and (2.37) gave the Miller capacitances: 

                                             

                 
    

  
         

     

   
          

The values of Cgd and Cgs were 0,7 pF and 1,5 pF respectively. From eq.(2.38) and (2.39) the 

cut-off frequencies for the input and output RC circuits:  

               
 

 

            
 

 

                         
           

                
 

 

                
 

 

                   
           

where the input source resistance, Rs, was approximated to 300 Ω and Cin(tot) = Cgs + Cin(Miller). 

Total frequency response of the amplifier was the reaction of each RC circuit. The two 

dominant frequencies, 63,91 kHz and 59,54 MHz refer to the bandwidth of the amplifier. 

The preamplifier was connected to a primary amplifier which had voltage gain up to 1000 or 

60 dB. The input resistance of the primary amplifier was only 50 Ω. Since the output 

resistance of the JFET preamplifier circuit was relatively high or 3,3 kΩ, the low input 

resistance of the primary amplifier caused loading of the ac signal and reduced the voltage 

gain substantially. To avoid this problem a voltage follower, made from an op-amp LF353 

from National Semiconductor, was connected to the output of the preamplifier circuit. The op-

amp had high input resistance but a low output resistance and therefore the gain of the JFET 

preamplifier was no longer reduced. The circuit diagram of the JFET preamplifier connected 

to the voltage-follower is shown in fig. 23. 
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Fig. 23: The circuit diagram for the JFET preamplifier connected to an op-amp voltage follower. The op-amp served 

as a buffer for high-impedance sources (JFET preamplifier) and low-impedance loads (primary amplifier).  
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3.2.2. Measurement sensor 

A special measurement sensor intended to measure the acousto-electric interaction signal was 

built from a plexiglass cylinder, with inner diameter of 25 mm and thickness of 5 mm. A thin 

latex membrane was glued on each side of the cylinder to form an acoustic window. Two 

parallel plastic plates, 25 mm long and 4,5 mm in width, were placed inside the cylinder with 

3,3 mm in between. A pair of electrodes was embedded through the plates 22,5 mm apart and 

an active part of 3,3 mm. This pair served as the current injecting electrodes while between 

them another pair of electrodes, intended for signal recording, was embedded in the upper 

plate, 17 mm apart with just a 1 mm tip reaching into the gap between the parallel plastic 

plates. The electrodes were made of copper wire, 1 mm in diameter. The measurement 

chamber in the center of the cylinder, defined by the plastic plates and the latex membrane, 

was then filled with 0,9% NaCl solution. 

  

 

Fig. 24. Left: A simple schematic of the measurement sensor. Right: The actual measurement sensor used for the 

current study. 

The configuration of the measurement sensor corresponded to those used in earlier literature 

where AEI signal measurements were performed[19, 22]. The limiting volume of the 

measurement chamber prevented the current paths from spreading out of plane of the 

electrodes hence reducing the current density in the measurement volume defined by the 

measuring electrodes. This improved the sensitivity of the measurement electrodes.  
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The special arrangement of the electrodes is known as the four-terminal sensing or Kelvin 

connection and is routinely used when measuring biomedical impedance. As current is 

supplied through the electrodes into the electrolyte it generates a voltage drop, not only across 

the impedance of the aqueous solution but there are also voltage drop across the resistance of 

the electrode wiring as well the electrode-elecrolyte interface impedance. By placing 

recording electrodes immediately adjacent to the target impedance, those unwanted voltage 

drops can be avoided. This comes from the fact that negligible current flows in the 

measurement wires given that the measurement electrodes have high enough input 

impedance[36].  
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3.2.3. Trigger and current generator 

The voltage output from the ultrasound generator was used to produce and trigger a square 

current wave and to produce an external trigger for the oscilloscope when recording the AEI 

signal from the measurement sensor. 

 

Fig. 25: A sample of the voltage output from the ultrasound generator. A 2 MHz voltage burst with pulse repetition 

frequency of 5,5 kHz.  

First, the sinusoidal bursts from the generator were led through a half-wave rectifier with a 

capacitor-input filter. This produced a modulated positive square wave signal, VM, with 

amplitude of 8 V and the same pulse repetition frequency as the voltage bursts, 5,5 kHz.  

The VM signal was then connected to the input of a 14 stage ripple carry binary counter, 

CD4020BE from National Instruments. Using the output from Q4 of the binary counter 

divided the signal eightfold and gave a signal, VQ4, of a positive square wave with amplitude 

of 9 Vpp and a frequency of 686 Hz.  

For external triggering of the oscilloscope, signals VM and VQ4 were connected to a two input 

AND gate, MM54C08 from National Semiconductor. That way the scope was triggered on 

every positive slope of the VM signal only during the positive phase of the square wave 

current. 
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Fig. 26: The trigger circuit. The voltage output from the ultrasound generator was rectified and voltage divided 

producing a positive square wave, VM. The VM signal was then connected to a counter which decreased the frequency 

from 5,5 kHz to 686 Hz and produced a signal, VQ4, at the Q4 output. For external triggering of the oscilloscope VM 

and VQ4 were connected to an AND gate. 

The counter output was coupled with an optical coupler, CNY17-3 from Philips 

Semiconductor, and connected to an op-amp comparator with a reference voltage of +7.5 V, 

producing a square wave, ranging from -15 V to +15 V.  

The biphasic square wave output from the comparator circuit was connected to a voltage-to-

current converter, see fig. 27, which input was controlled with a potentiometer, resulting in a 

symmetrical square wave, VI, at the output. The VI was then injected through a pair of 

electrodes in the measurement sensor, where it´s intentions were to interact with the applied 

ultrasound wave. This ensured a constant current during the propagation of the ultrasound 

wave bursts. The op-amps used for the comparator and the voltage-to-current divider were 

JFET Quad op-amps, TL074, from Texas Instruments. 

 

Fig. 27: A circuit diagram for the current generator. A voltage-to-current configuration was used. That way the 

amount of current injected to the measurement sensor could be controlled with the input voltage. R9 is the 

potentiometer used to control the input voltage.  



 

43 

 

Fig. 28: A schematic of the trigger and current generator circuit. The trigger and the current generator are connected 

together with an optical coupler to produce two separate grounds. To produce supply voltage of +/- 15 V and Ground 

2 an op-amp, LM324, was used. The second ground was necessary to isolate the injecting square wave current from 

the house ground (Ground 1). Else a short circuit took place between the current injecting electrodes and the 

recording electrodes through the saline solution in the measurement chamber and the control of the current output 

was lost. 
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3.3. AEI signal recording with an ultrasound transducer 

3.3.1. Materials 

The ultrasound was generated with Multi-Dop
®

T, a bilateral Doppler M-mode device. 

Connected to the Doppler device was a 2 MHz ultrasound transducer. The transducer was 

cylinder shaped with a flat face, 21 mm in diameter. The transducer produced a pulsating 

ultrasound beam with pulse repetition frequency of 5,5 kHz and according to the technical 

manual for the device; the peak pressure amplitude was 0,31 MPa. 

For current injecting the purpose built trigger and current generator circuit produced a 

symmetrical square wave, synchronized with the voltage output from the ultrasound generator 

and was then fed to the injection electrodes of the measurement sensor. The measuring 

electrodes were connected to the JFET preamplifier, as previously described, which was then 

connected to a low-noise voltage amplifier, FEMTO HVA-10M-60-B. The FEMTO amplifier 

had a gain of 60 dB and the upper cut-off frequency was 10 MHz. The amplified signal was 

then sent to a digital oscilloscope, Tektronix TDS 2022B, where the signal was averaged with 

the oscilloscope´s internal averaging system (n = 128) to reduce background noise.  

The experimental setup is shown in fig. 29: 

 

  

Fig. 29: The experimental setup for AEI signal recording with an ultrasound probe. The voltage output from the ultrasound 

generator was used to synchronize the ultrasound wave and the current injected to the measurement sensor. The signal was then 

measured with recording electrodes, amplified and filtered and then sent to the oscilloscope where it was averaged. The external 

trigger signal for the oscilloscope was the resulting output from the AND gate in the trigger circuit. It ensured that the oscilloscope 

triggered at the beginning of every ultrasound burst during the positive phase of the current wave.  
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3.3.2. Methods 

The measurement sensor was located in a measurement tank; a plastic bottle, which had been 

fixated in a horizontal position and filled up with 0,9% NaCl solution. The 2 MHz ultrasound 

probe was placed through the stout of the bottle, but isolated from the solution with a thin 

flexible latex membrane which acted as an acoustic window. The sensor´s wires were fixated 

in the top side of the bottle so the ultrasound propagation axis was perpendicular to the 

current paths in the measurement chamber. 

 

 

Fig. 30: The measurement tank. The ultrasound probe was stationed in the stout of the bottle and the measurement 

sensor was fixated so the current direction was perpendicular to the axis of the ultrasound wave. The long distance 

from the measurement sensor to the end of the tank was supposed to prevent the any measurement disturbance from 

reflecting ultrasound. 

 

A 15 mA, 686 Hz current was injected through the electrodes resulting in a current density of 

c.a. 100 mA/cm
2

 in the measurement chamber of the measurement sensor. The selection of the 

high current density was based on previously published interaction factors[26] in correlation 

with the maximum peak pressure the ultrasound transducer could produce.  

Some verification methods were conducted to make sure that the measured signal was the 

result of the interaction between the pressure waves and the injected current. These methods 

involved in moving the ultrasound probe back and forth and changing the distance between it 

and the measurement sensor and changing the current output injected to the sensor. 
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4. RESULTS  

4.1. Usability of AEI signal for current mapping in the thigh 

The signal strength of the acousto-electric effect is proportional to pressure and current 

density. The measured signal is also affected by the type of the pressure source in relation to 

the direction of the current. Sinusoidal waves tend to neutralize their conductivity changes 

within the distance of their wavelength, cancelling out the signal if the changes are sensed by 

the electrodes at the same time. For a sinusoidal pressure source the largest AEI signal 

attainable is when the source is perpendicular to the current direction. For a unipolar pressure 

source the neutralizing of the conductivity changes is no longer at stake. By directing the 

ellipsoid focus point along the direction of the current, results in a large change in resistance 

hence producing a large acousto-electric interaction signal.  

The low amplitude of the acousto-electrical signal and its frequency create conditions for the 

measuring instruments needed. For amplification, a low noise amplifier with gain up to 60-80 

dB and cut-off frequencies close to the frequency of the ultrasound or pressure source. That 

way the measured AEI signal should be easily filtered from other signals. As an interaction to 

the conductivity changes, high electric current needs to be applied to the muscle of interest to 

produce sufficient current density.  
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4.2. Numerical application on correlation between electrical current density 

and AEI signal strength during electrical stimulation 

I (mA) IM (mA) IF(mA) JM (mA/cm2) JF (mA/cm2) 

250 
143,6 106.3 45,7 1,1 

52,9 197,1 16,8 2,0 

100 
57,5 42,6 18,3 0,4 

21,2 78,8 6,8 0,8 

50 
28,7 21,3 9,1 0,2 

10,6 39,4 3,4 0,4 

 

Table 2: The results from the current division for each tissue type, muscle IM and fat IF for each value of injected 

stimulating current, I. The corresponding current densities are also shown for the muscle, JM and the fat tissue JF. 

The highest values for IM were attained with RM = 19,1 mΩ and RF = 25,8 mΩ and the lowest values; RM = 28,7 mΩ 

and RF = 7,7 mΩ. For IF, RF = 7,7 mΩ and RM = 28,7 mΩ gave the highest current values while RF = 25,8 mΩ and RM 

= 19,1 mΩ gave the lowest. 

The results from the current division between the two tissue types for several values of 

stimulating current are listed in table 2. The corresponding values of current densities are also 

shown. For muscle tissue RM was in the interval from 19,1 mΩ to 28,7 mΩ; RM є [19,1 mΩ; 

28,7 mΩ] and for the fat tissue RF was in the interval from 7,7 mΩ to 25,8 mΩ; RF є [7,7 mΩ; 

25,8 mΩ]. 

The cross sectional area of the two tissue types in fig. 17 was:  

          
                     

     
  
           

 
 
                 

 
          

neglecting the surface area of the bone.  

The results for the expected AEI voltage signal produced inside the muscle for the current 

densities, calculated from the equivalent circuit model in fig.17, are shown in table 3. The 

signals are both derived from applying eq.(3.2) and the correlation factor from Witte et al; 

0,7µV/(mA/cm
2
). Along with the current density from table 2 the parameters used for eq.(3.2) 

were; KI = 0,1% MPa
-1

, ρmuscle = 0,018 Ωm, ΔP = 2 MPa and the size of the focus point along 

the axis of the current, l = 210
-3

m. For the correlation factor; ΔP was 2 MPa but information 

about the size of the focus point was not available though it may assume that is was 2-4 

mm[24]. 
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I (mA) JM (mA/cm2) 
AEI (µV) 

(eq.3.2) 

AEI (µV) 

(Witte et al) 

250 
45,7 32,9 32 

16,8 12,1 11,8 

100 
18,3 13,2 12,8 

6,8 4,9 4,8 

50 
9,1 6,6 6,4 

3,4 2,4 2,4 

 

Table 3: Results for the AEI signal strength estimation. Each value for the stimulating current I, produced 

corresponding maximum and minimum current density, JM, inside the muscle. The current densities were then used 

to approximate the value of AEI signal either by using eq.(3.2) or correlation factor of 0,7µV/(mA/cm2) 
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4.3. JFET preamplifier 

A frequency sweep was performed on the preamplifier with a waveform generator, Agilent 

33220A to attain a frequency response. In a frequency sweep mode, the function generator 

“steps” from a start frequency to a stop frequency at a sweep rate specified by the user. The 

generator produced 20 mVpp sinusoidal input signal of frequencies between 2 kHz and 20 

MHz and the sweep time was 100 ms. The resulting frequency response is shown in fig. 31.  

With input of 20 mVpp the maximum voltage gain was about 4,4 (88 mVpp/20 mVpp = 4,4). 

Evaluating the low frequency response in fig. 31, the -3dB cut-off frequency was ca. 45 kHz. 

For the high frequency response the -3dB cut-off frequency was at 6,7 MHz.  

 

Fig. 31; Frequency response for the JFET preamplifier. The output voltage is shown as a function of frequency, 

showing the response of the amplifier to the frequency span of 2 kHz-20 MHz. The input signal was a sinusoidal wave 

with a constant amplitude of 20 mVpp and changing the frequency from 2 kHz up to 20 MHz in 100 ms. The frequency 

is a log scale. The voltage gain was 4,4 and the bandwidth was 45 kHz-6,7 MHz. 
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The total frequency response for the JFET preamplifier and the primary amplifier, FEMTO 

HVA-10M-60-B, is shown in fig.32 where the voltage gain for the latter was set to 40 dB. As 

before the input was a sinusoidal wave of 20 mVpp. The total gain for the amplifiers was about 

820 (16,4 Vpp/20 mVpp = 820). For the low frequency response the cut-off frequency at -3 dB 

was 41 kHz and the high frequency response cut-off frequency was at 2,6 MHz. 

 

Fig. 32: Total frequency response for JFET and FEMTO amplifier. The output voltage is the response to a sinusoidal 

wave with a constant amplitude of 20 mVpp and changing the frequency from 2 kHz to 20 MHz. The frequency scale is 

a log scale. The voltage gain was 820 and the bandwidth 41 kHz-2,6 MHz. 
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4.4. Measurement sensor 

The measurement sensor functioned as expected. It managed to produce a limited current path 

hence preventing the current from spreading out of plane of the electrodes. The defined 

volume of the measurement chamber enabled calculations for expected current density and 

the resistance experienced by the recording electrodes. The benefits of the sensor were; it was 

easy to treat, measurement and current injecting wires were easily attached to it and injecting 

of the NaCl solution into the measurement chamber was easy. As the experimental time 

progressed when measuring the AEI signal with an ultrasound probe, air bubbles were noticed 

inside the sensor and the NaCl solution got a green shade. Finally so much air had built up in 

the measurement chamber that it interfered with the conductivity paths of the electrodes.  

 

Fig. 33: The measurement sensor after injection of 15 mA current. The effects of electrolysis are evident on the 

electrodes.  
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4.5. Trigger circuit and current generator 

The trigger circuit and the current generator successfully produced a controllable square 

current wave which was injected to the measurement sensor in synchronization with the 

ultrasound wave. The external trigger for the oscilloscope, the output from the AND gate, 

triggered on every positive slope of the modulated VM signal only during the positive phase of 

the current wave. The time diagram for the trigger circuit is shown in fig. 34. 

 

Fig. 34: Time diagram for the trigger and current generator circuit. The time is presented in seconds. VM is the 

modulated burst from the ultrasound generator. VQ4 is the the output from the counter. VI is the controlled current 

wave output across the electrodes. ANDgate is the trigger signal for the oscilloscope, it triggered on every positive 

slope of the VM during the positive phase of VI. 
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4.6. AEI signal recording 

With current density of 100 mA/cm
2
 and assumed peak pressure of 0,31 MPa the amplitude of 

the AEI signal produced was expected to be 5-10 µV[26] and with voltage gain of c.a. 8000 

(the primary amplifier set to 60 dB gain) the amplified AEI voltage signal should have had 

amplitudes between 40 and 80 mV.  

The recordings of the AEI signal were interfered with a differentiated square wave, indicating 

that the high-pass filtering of the amplifiers wasn´t sufficient. Another critical result was that 

the voltage output from the ultrasound generator was picked up by the measurement sensor. 

The voltage output of the ultrasound device was used to trigger and produce the current output 

as well the external trigger of the oscilloscope. This led to the fact that there was an 

interfering signal being picked up at the same time and it had the same frequency as the 

estimated AEI signal. The interference´s amplitude and the expected amplitude of the AEI 

signal were of the same scale. No visible alteration of the signal took place as the current 

density inside the measurement chamber was changed or as the distance between the 

transducer´s face and the measurement sensor was increased or decreased. If the AEI signal 

was present it was covered with noise and interference. The fact that the interference had the 

same form as the desired signal made the AEI signal recording impossible.  

 

Fig. 35: A screenshot from the oscilloscope during recording of the AEI signal with an ultrasound transducer. The 

figure shows the negative phase of the current square wave and three voltage bursts with repetition frequency of 5,5 

kHz. After averaging, the amplitude of the bursts was about 12-15 mV. The amplitude scale (vertical) was set to 20 

mV per division and the time scale (horizontal) was set to 50 µs per division. 
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5. DISCUSSION 

5.1. Usability of AEI signal recording for current mapping in the thigh 

Two research groups have applied AEI signal mapping in a living tissue, rabbit heart and a 

nerve cord from a lobster, with acceptable results. The sensitivity was 0,7µV/(mA/cm
2
) for a 

peak pressure of 2 MPa[25, 26]. For the rabbit heart setup the smallest detectible signal was 

recorded with current density of only 0,06-0,1 mA/cm
2

. The fact that current of up to 250 mA 

is used during electrical stimulation treatment suggests that there is a great potential in 

mapping AEI signal in thigh muscles. The current density is also high and the robustness of 

the thigh muscles compared to heart and nerve cords implies that use of stronger pressure 

waves is an option. 

To achieve excitation in denervated muscles with electrical stimulation it is necessary to use 

rectangular biphasic stimulation pulses with, compared to nerve stimulation, longer pulse 

duration and higher amplitude. If the intention is to measure the action potential induced by 

the stimulating current the pulse has to be of a special form. The stimulating pulse causes the 

activation potential of the muscle fiber to start immediately as the pulse ends. In degenerated 

muscles the duration of an action potential is somewhat longer than for a normal muscle and 

the conduction speed is slower[37] increasing the possibility of picking up AEI signal. The 

signal would be proportional to the current densities generated during depolarization of the 

muscle fibers during muscle contraction.  

The non-invasiveness of this method offers opportunity in monitoring on everyday basis. That 

could benefit clinicians in monitoring possible reinnervation of muscles. That process is still 

an unknown field. The reinnervation could be correlated with the treatments the patient is 

receiving and give information on which factor is beneficial during this important 

physiological process. Today this is done on a monthly basis and the information of the 

reinnervation is evaluated by physical examination where force measurements of the muscle 

play a key role. 

From the current equivalent circuit the results imply that with the high current used in 

electrical stimulating treatments, the current densities should be very high, producing AEI 

signals of fair amplitude or as large as dozens of µV. These are magnitudes which are also 

presented during electroencephalography (EEG) recording from the scalp. Since muscle tissue 
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is a better conductor than fat, the current tends to go through the muscles than the fat tissue. 

Given that degenerated muscles are usually covered with fat, this strengthens our case.  

The results in table 3, for the expected AEI signal are very interesting, since almost the same 

values are derived from the two different methods. Although, the correlation between these 

methods must be considered further. For eq.(3.2), derived from Helgason[35] the conditions 

producing the AEI signal were assumed for the resistivity of a muscle tissue and the 

interaction factor was the same as for 0,9% NaCl solution. Meanwhile, the correlation factor 

from Witte et al is the result of a voltage change sensed between two recording electrodes in a 

nerve cord where the interaction factor is different from the one for the saline and the 

resistivity of a nerve tissue is not the same as for the muscle tissue. Finally, the size of the 

focus point was not available but it can be assumed that is was in the range of 2-4 mm. This 

means that if the same size of focus point would be used in eq.(3.2) and the interaction factor 

and resistivity of a nerve tissue- the resulting AEI signal would probably not correlate as well 

to the results gained from Witte et al as before but it is very likely that the two results would 

be in the same order of magnitude. 

From eq.(3.2) it can be seen that the voltage change produced is proportional to the size of the 

focus point crossing the axis of the current flow. As mentioned before, the use of unipolar 

pressure waves makes it possible to point the axis of the pressure wave along the direction of 

the current. If a lithotripter would be used, like the one placed at the Department of Urology at 

The National Hospital of Iceland, it would be possible to apply an ellipsoid focus point where 

its long axis of 20 mm is in the direction of the pressure wave. This would tenfold the 

resulting AEI signal compared to the results in table 3. It can also be seen from eq.(3.2) that 

the resulting voltage signal is the multiplication of current and pressure, which amplitude and 

frequency is easily controllable. This fact opens the possibilities for signal processing 

methods as an example by using superposition of waves. The different frequencies of the 

current and the ultrasound wave  would result in an AEI signal with frequency which is the 

average of the former two. 

 

.  
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5.2. Design and Fabricating of measuring instrumentation 

According to the frequency response for the preamplifier, the bandwidth was 45 kHz-6,7 

MHz and it had midrange voltage gain Av = 4,4. Calculated values in section 3.2. gave 

bandwidth of 63,9 kHz-56,5 MHz and Av = 6,2. The reason for the deviation of the high 

frequency response can be traced to the voltage-follower. According to the specification sheet 

for the op-amp, LF343, the typical value for the gain bandwidth product was 4 MHz. 

Therefore, with AV = 1, the voltage-follower should start to attenuate the voltage signal after 

frequencies of 4 MHz. This result could also be explained by the fact that impedances from 

the wiring were not included in earlier calculations. The capacitance of a 50 Ω coax cable is 

100 nF/m which is larger than the internal capacitances, Cgd and Cgs, by two orders of 

magnitude. Adding those values to Cin(tot) in eq.(2.38) and Cout(Miller) in eq.(2.39) would 

decrease the values for the cut-off frequencies of the high frequency response substantially. 

From the frequency response of the preamplifier and primary amplifier connected together the 

bandwidth was 41 kHz-2,6 MHz and the midrange voltage gain was Av = 820 with the 

primary amplifier set to gain of 40 dB. According to these results the total gain of the 

amplifiers would be of 8000, with the primary amplifier set to gain of 60 dB. 

Judging from the results of the measurement sensor, the injected current amplitude produced 

too high current density for this type of electrodes and the geometry of the measurement 

chamber in the sensor. Electrode-electrolyte impedance increases with decreasing area as does 

polarization increase with decreased frequency. Here we had electrodes with area of only: 

2πrh = 10,4 mm
2
 and the frequency of the current about 700 Hz, implying that the electrode-

electrolyte impedance is strictly resistive. To prevent this, the area of the electrodes should be 

larger. That would increase the Helmholtz double layer of charge which is acts as a capacitor, 

preventing dc currents to flow between the electrodes. It would also be useful to place a larce 

capacitor in the current generator circuit, in series with the current injecting electrodes.  

5.3. Recording of AEI signal with an ultrasound probe 

The results from the AEI signal experiment indicate that the filtering of the injected current 

was far from acceptable. In the beginning of this project the intention was to use sinusoidal 

current of 100-200 Hz hence the designed bandwidth of the JFET preamplifier was assumed 

sufficient. The fact that the frequency of the current source increased and the current form 

was changed to a square wave entailed upper harmonics of the fundamental frequency. For 

better filtering, apart from increasing the lower cut-off frequency, the corners of the current 
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square wave could be made smoother by adding a capacitor to the output of the current 

generator. This would decrease the highest harmonic frequencies. 

In order to get the voltage output signal from the ultrasound generator a thin wire was 

soldered to the ultrasound probe/generator interface connection and connected to the input of 

the trigger circuit. The wire was working as an antenna causing the signal being picked up by 

the measurement sensor. If the interaction signal is to be recognized the voltage output 

interference has to be eliminated. This could be done by further isolating the measuring 

equipment and wires and make better preparations for the connecting wire by the output of the 

generator. 

According to the reference, all research groups used hydrophones to ensure that the estimated 

pressure amplitude took place inside the measurement volume. For this experiment this was 

not an option. Therefore the applied amplitude of the current injected to the measurement 

chamber had to be estimated in relation to the supposedly peak pressure value found in the 

technical manual for the ultrasound generator which was 0,3 MPa. 

From the fact that the ultrasound transducer was not focused, it can be assumed that the 

conductivity change was evenly distributed through the measurement chamber, instead of 

concentrated to one defined spot. It is a probability that the measurement electrodes sensed 

this conductivity change at the same time.  
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6. CONCLUSIONS  
 

In this study the feasibility of recording AEI signals from degenerated muscles undergoing 

electrical simulation was evaluated and the correlation between electrical current density and 

AEI signal strength was observed with a simple electrical circuit model. Several measuring 

instrumentation were also designed and built to facilitate the measurement of an acousto-

electric interaction signal; a preamplifier which intentions was to produce a low-pass filter 

and ensure high input resistance, a measurement sensor to produce optimal environment for 

the interaction between the current and ultrasound pressure wave to take place, a trigger 

circuit which triggered a square current wave, injected to the measurement sensor in 

synchronization with the output from the ultrasound transducer and the measuring 

oscilloscope and finally a current source with adjustable current intensity.  

Many studies have demonstrated the fact that the strength of an acousto-electric interaction 

signal is proportional to the change in conductivity which is produced from a pressure wave 

and the current of which the wave travels through. For denervated degenerated muscles in the 

thigh treated with electrical stimulation, the strong current pulses used imply that AEI signal 

mapping is a feasible alternative. Compared to parameters of current density and pressure 

used in literature for smaller and more sensitive tissue the robustness of the skeletal muscle 

fibers indicate that stronger pressure waves could be used. By using unipolar pressure waves 

instead of a sinusoidal form would give additional conductivity change and therefore larger 

voltage drop resulting in a larger AEI signal. The use of unipolar pressure waves is also free 

from the constraint of directing the acoustic wave source perpendicular to the direction of the 

current. The equipment needed for the monitoring method suggested in this work is simple; a 

current stimulator, electrodes, acoustic source, an amplifier with large gain and possibly 

computer equipment for signal processing. The monitoring method could give information on 

the current distribution and possible generation of action potentials. In degenerated muscle the 

duration of action potentials is longer and the conductivity speed slower meaning that 

recording of the potentials should be more attainable than in a healthy muscle. The method 

could also elucidate the important process of reinnervation, a subject of limited 

understanding. 
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To record an AEI signal in a measurement sensor within a well defined volume and special 

electrode coordination the following instrumentation are needed; a high gain amplifier with a 

high input impedance and preferably with bipolar inputs to minimize noise. For further noise 

reduction the ultrasound bursts need to be synchronized with the alternating current injected 

so the signal can be averaged. To ensure that the ultrasound is penetrating the measurement 

volume as well to quantify it´s amplitude a hydrophone would an essential tool. In this study 

the amplitude of the ultrasound pressure wave was only approximated and the resulting 

current density was adjusted according to that value in relation to correlation factors of 

current density and pressure wave amplitude from the literature. Comparing the experimental 

setup used in this study to the setups used in literature, the reason for that the recording of the 

AEI signal was not successful is probably due to; signal interference, the low amplitude of the 

ultrasound wave, the fact that the sound wave was not focused and the square wave injected 

was not successfully filtered. 

6.1. Future work 

The fact that the acousto-electric interaction signal could not be recorded, the first step will be 

improving the current experimental setup and reduce environmental interference. The 

preamplifier will be replaced by a differential amplifier with high common mode rejection 

ratio and a narrow bandwidth, determined by the ultrasound source used. 

The difference between unipolar and bipolar pressure waves produce possibilities of 

measurement sensors with different configurations when quantifying the AEI signal. For a 

bipolar pressure waves, a measurement sensor will be made so the thickness of the conducting 

fluid, through which the wave passes, is only half its wavelength. That way the opposite 

conductivity changes which occur within one wavelength of the pressure wave is avoided. 

The measurement sensor for the unipolar pressure waves will have long dimensions of 

conducting fluid along the axis of the pressure wave and the direction of the current, 

producing large conductivity changes. 

With improved experimental setup and measurement sensors the AEI signal will be measured 

and quantified with bipolar and unipolar pressure waves generated by focused ultrasound 

transducer and a lithotripter. 
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APPENDIX  
 

A 

Derivation for eq.(3.2) used in section 3.1.1. when estimating the value of an AEI signal 

sensed between two recording electrodes when conductivity change produced by focused 

ultrasound wave interacts with the current flowing through the medium. 

According to [23-25] the change in resistivity ρ, due to a pressure wave with amplitude ΔP 

can be written as: 

   

 
       (A.1) 

where KI is the interaction factor. 

The voltage, V at the electrode terminals is given by:  

            (A.2) 

 

where ΔR is the change in resistance due to the pressure wave, R is the resistance experienced 

by the electrodes, J is the current density and A is the cross sectional area of the conductive 

medium, here the cross sectional area of the ultrasound focus point. Expanding eq.(A.2) 

results in: 

                       (A.3) 

where ΔV is the voltage change produced because of the ultrasound-induced change in 

resistance, ΔR. 

 

The relationship between resistance and resistivity is: 

 
           

 

 
      

 

 
 (A.4) 

 

Then by inserting eq.(A.4) and the relationship           from into eq.(A.3) we get: 

 
            

 

 
                  (A.5) 

 

where KI is the interaction factor (MPa
-1

), ρ is the resistivity of the conducting medium (Ωm), 

ΔP is the pressure change (MPa), l is the diameter of the focus point crossing the axis of the 

current flow (m) and J is the current density (A/m
2
). 
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