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Chapter 1 Introduction to the Detection of Neuronal 

Current with MRI 
 

 

 

The feasibility of detecting neuronal currents by utilizing magnetic resonance 

imaging (MRI) is a topic that is still under debate [1].  The direct detection of dendrite 

activation with MRI would allow the active mapping of the human brain [2]. Neuronal 

mapping with MRI would provide a noninvasive procedure for mapping the active neural 

pathways in the human brain [3]. Different thought processes, motor responses, sensory 

responses, language, spatial referencing, and cognition to name a few, could be spatially 

located within the cortical sections of the cerebrum. The spatial effect would provide a 

greater understanding of cortex functionality. The direct imaging of the functionality of 

gray matter sections of the cerebrum depend solely on the magnetic field due to neuronal 

currents. Neuronal currents stem from the soma, which are chemically transmitted across 

the synaptic cleft. The ions transmitted produce an action potential through the axon, and 

conducts to the associated dendrites. The propagation of an action signal through the 

dendrites and the axons can be represented by multiple current dipoles inside the volume 

of the voxel [1]. The propagating magnetic field then would interact with the already 

present magnetic field produced across the voxel due to the MRI imaging sequence.  The 

depolarization and re-polarization states would affect the MRI by adding additional phase 

contributions to the present precessional states and a magnitude increase in the detection 

system. The increase in phase would then correspond to a positive or negative change in 

the signal magnitude. The positive or negative change in the magnitude is a result of the 

time dependence of the MRI imaging sequence and that of the firing dendrites.   
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Many works have shown results based on this topic obtained from water phantoms, 

humans, bloodless turtle brains, rat brains, and theoretical calculations [4, 5, 6, and 7]. 

Some of these research groups have claimed that neuronal magnetic fields caused by 

neuronal currents can produce measurably large voxel phase and signal changes in the 

human brain [2, 8, and 9]. Whereas other groups have claimed that the resultant field 

intensity measured from the human brain is too weak to detect a favorable phase and 

signal response [2, 10]. 

The ever present problem with theoretically modeling a voxel of dendrites is due to 

the sheer magnitude of dendrites that are present and the complex geometries that 

constitute the dendrite branches. For every axon present there are roughly thousands of 

dendrites associated with that axon. The soma can be neglected because of the small 

spatial extent it occupies and because of the chemical interaction with incoming action 

potentials [4]. In the voxel many dendrites are arbitrarily located in many orientations 

along the neuron. The depolarization current and re-polarization current in multiple 

dendrites in a voxel may not be synchronous in one given instant, and then synchronous 

in another [11]. Many cycles of firing can occur in a given imaging sequence. In this 

situation the magnetic field and phase contributions to the adjacent dendrites can result in 

a constructive or destructive effect in the sink and source of the magnetic field. This 

would cause a geometrical shift in field and phase intensity over the voxel as the neuronal 

current disperses in the voxel [2]. 

Experimentally measuring this effect has its difficulties as well. In the experimental 

measurements the difficulty arises with generating a large enough current from neuronal 

firing that can be detected in the MRI imaging sequence. The next difficulty is in 
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maintaining the shift for a long enough time in order to make a comparable difference to 

the MRI intensity to a non firing neuronal voxel [2]. Theoretically the change in the MRI 

signal can be on the order of tenths to hundredths of a percent in the signal intensity [8]. 

The small theoretical limit is in conflict with some of the experimental findings which 

have ranged from 0.1-5% [3, 12, and 13]. 

The goal of this thesis is to present detailed calculations collected from a model that 

is capable of calculating the effects of a realistic simulation of a large sample of neurons 

undergoing a single cycle firing sequence. The very minimal conditions needed for signal 

detection will be calculated. Then other detailed calculations due to the effect of current 

shifting and the edge effects of several adjacent voxels will be performed. 
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Chapter 2  

Overview of the basics of MRI Imaging 

 

 

 

2.1 Nuclear Magnetic Resonance 

Magnetic Resonance imaging depends on the motion of atoms in a material when 

placed in a static magnetic field   . In MRI the static magnetic field can range from 1-10 

T, which is dependent on the type of scanner used [14, 15]. Atoms with odd atomic 

number possess a property called spin. A hydrogen atom rotating about an axis, 

performing a complex motion will have a nuclear angular momentum L and a nuclear 

spin angular momentum S. The proton carries a charge and because it is undergoing a 

rotation, the proton acquires a magnetic moment μ [15]. The magnetic moment arises 

from the current due to the circular orbit and rotation. The current is derived from a 

charge, or multiple charges, moving with a velocity v in a circular orbit of 2πr [15]. The 

current is calculated as the charge circles and its magnitude is taken as i = qv/2πr [15]. 

The current dipole can be calculated as μ =  ∫     iπ  = qvr/2 [15]. Taking the dipole 

moment and the angular momentum, μ can be written as μ = γ L [15]. In a similar 

situation to orbital angular momentum, there is a second magnetic moment that arises 

from the spin rotation which is μ = γ S [14]. In this situation S represents the angular 

momentum due to the spin. From quantum mechanics 
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 S = 
 

  
   (   )    , where I is the total angular momentum quantum number [14]. 

For the proton the spin quantum number is ½ [16]. Hence, S = 
 

  

√ 

 
, and the magnetic 

moment due to the spin is μ = γ(
 

  

√ 

 
)     . Here, γ is called the gyro-magnetic ratio, 

and for a proton it is equal to 2.67            [14]. In the case where    is aligned 

along the z axis, the component of μ for the proton in the z direction, has a value of    = 

   
  

  
  [14]. The protons can only have quantized spins of ± 

 

 
 derived in quantum 

mechanics for the spin quantum number in one direction or component to the vector [16]. 

The spin is the point of interest because the magnetic moment of the proton in the 

hydrogen atom is what is being imaged. Hydrogen atoms have an angular momentum 

quantum number of l = 0 because its electrons correspond to a nuclear s shell state or the 

lowest orbital state [16]. Hence, the nucleon spin is the main point of concern for 

imaging. The total angular momentum quantum number is derived by taking the angular 

momentum quantum number added to the spin quantum number written as I = l + s = 0 

± 
 

 
  

 

 
        

The dipole (hydrogen atom) is placed in a static magnetic field   . The field causes a 

torque to be felt by the proton, with the magnetic moment μ, in which the torque is equal 

to τ = μ         . The proton experiences a torque that will align it parallel or anti-

parallel with the static magnetic field dependent upon the applied time of the field and the 

initial orientation of the atom [14]. The two polar separated energy levels are given by E 

=       =   
     

  
 due to the two maximum polar states of the magnetic moment [15]. 

The energy equation implies that two states, where the protons can reside, are separated 



6 
 

by a change in energy of ΔE = 
    

  
     . The proton can reside in the parallel state 

which corresponds to the lower energy state [14]. Or the proton can be in the anti-parallel 

state which corresponds to the higher energy state [15]. The protons that reside in the 

lower energy/parallel state, the protons in the higher energy/anti-parallel state, and the 

change between the two states create a difference in the magnitude of the MRI signal for 

a given material [14]. The difference of the signal is what is being imaged in a given 

time. 

The torque τ causes a precessional state in the magnetization vector M. In which the 

vector M equals the spatial summation of all of the corresponding magnetic moments of 

the multiple nuclei that reside within the volume being imaged. Taking the time rate of 

change of M, in this case is the number of magnetic moments in the voxel, results in Eq. 

2.1. 

  

  
 = γ (M    )           (2.1) 

The magnetization vector M will rotate around the static magnetic field    [15]. The 

precession of the multiple magnetic moments gives rise to the component differential 

equations for the magnetization vector of  
   

  
 = γ       ,  

   

  
  = -γ      ,     

   

  
 = 0 

[15]. In the time dt that the static magnetic field is applied, the magnetic moment 

precesses through an angle dΦ [15]. In which the angular precessional frequency of the 

magnetization vector sweeping through the angle dθ equals ω = dΦ/dt = γ       . Here 

ω is termed the Larmor Frequency of the magnetization vector due to multiple dipoles 

precessing [15]. The solution to the time rate of change of the magnetization vector are 
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written in terms of the Larmor frequency, are derived in appendix A.1, and is presented in 

Eq. 2.1A. 

  ( )=   (cos (   )),   ( )=    (sin (   )), and   ( )= constant         (2.1A) 

 In order for the magnetization vector component in the z direction to return to its 

equilibrium    from thermal exchange, a time referred to as T1 must be implemented 

into the time rate of change of the magnetization vector [14].  T1 is termed as the spin-

lattice relaxation time in which the magnetization vector is undergoing thermal excitation 

in the material [14].  The secondary relaxation time T2 affects the vector components of 

the x and y of the magnetization vector relaxation time [15]. T2 is termed spin-spin 

relaxation and it arises from the loss of phase coherence in the atoms precessing in the x-

y plane [14]. The incorporation of the spin-spin relaxation and the spin lattice relaxation 

in Eq. 2.1 will yield the additional time rate of change in the components of the 

magnetization vector in different materials. The new components of the magnetization 

vector are written as 
   

  
 =  

  

  
,  

   

  
 =  

  

  
     

   

  
 = 

 

  
 (  -  ) [15]. Taking these 

effects into account in the time rate of change of the magnetization vector due to an 

applied torque from a static magnetic field results in Eq. 2.2, and are known as the Bloch 

equations [15].  

   

  
 =   

   

  
 (  -  ) + γ(   )  , 

   

  
 = 

    

   
 + γ(   ) ,     

   

  
 = 

    

   
 + γ(   )  (2.2) 

 For a given time t the partial differential Eq. 2.2 has the solutions listed below in 

Eq. 2.3, which are derived with the use of Eq. 2.1A in Appendix A.2. 

    =     
     cos (-  t),    =     

     sin (-  t), and    =    (        )   (2.3) 
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 These solutions constitute the state of the given magnetic moments decaying over 

a time t resulting in the magnetization vector equations of motion in a static magnetic 

field. It is necessary in MRI to transform the equations into a rotating coordinate system 

in order to understand the motion that the magnetization vector will undergo. The 

transformation is necessary due to a second applied magnetic field that occurs in the 

image sequencing for MRI. Eq. 2.3 is put into a rotation matrix in which the x, y, and z 

components of the magnetization are rotated around the z axis by an angle Φ = -   and 

are transformed into x’, y’, and z’. Once again the negative sign indicates a clockwise 

rotation. In which the equations are then transformed into Eq. 2.4 [15].  

   =    cos (-  )     sin (-  ),   =    sin (-  )      cos (-  ),   =     (2.4) 

In order to construct a signal using MRI, transitional states occurring over a given 

amount of time must be created between the two states that the atoms can be found in. 

This effect is accomplished by emitting a secondary electromagnetic field that is 

perpendicular to the static magnetic field and creates a secondary torque on the 

magnetization vector [14]. The secondary oscillating magnetic field is applied to the 

rotating reference frame and is viewed as being perpendicular to the static magnetic field 

[15]. The magnitude of the second field (B1) is given as B1cos (ωt) because the 

magnetization vector of Eq.  2.4 are undergoing a rotation in the rest frame [15]. In order 

for the magnitude of the applied magnetic field B1 to be along the x axis in the rest frame 

the cosine of B1 is taken. The second torque is calculated by taking cross product of the 

applied second field and the magnetization vector. The x, y, and z magnetization vector 

components of Eq. 2.1 are given as 
   

  
 = γ(           ) 

   

  
 = γ(           ), 
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and 
   

  
 = γ(           ) [15]. The magnetization vector components are transformed 

to the rotating reference frame x’, y’, and z’ given below [14, 15]. 

    

  
 = γB1   cos (ωt) sin (-   ), 

    

  
 = γB1   cos (ωt) cos (-   ), 

and 
    

  
 = - γB1   cos (ωt) sin (-   )- γB1   cos (ωt) cos (-   )  (2.5) 

These are the equations of motion for the magnetization vector moved from the rest 

setting into the rotating reference frame undergoing a secondary magnetic field along the 

x axis [15]. Here if the applied field has a frequency equal to the Larmor frequency   , 

then the equations result in the following change in Eq. 2.5A due to the cancelation of the 

similar components [14]. 

(    )/dt = 0,(    )/dt = 
   

 
   , and d   /dt = - 

   

 
                    (2.5A) 

Due to the second field B1 a new frequency occurs because of the rotation. The new 

frequency is ω = 
    

 
, it is called the nutation of the magnetization vector as it rotates into 

the x-y plane because of the secondary magnetic field [15]. Nutation can be seen as the 

complicated motion that the magnetization vector will undergo due to the secondary 

magnetic field into the transverse x-y plane [14]. The motion is the rotation of the 

magnetization vector away from the equilibrium position that lies along the axis of the 

static magnetic field. The equations of motion in the rotating reference frame become the 

following in Eq. 2.6, which mathematically describe the motion of the magnetization 

vector over a given amount of time [15].   

                sin (   ), and       cos (   )               (2.6) 
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 The secondary magnetic field is emitted along an axis that is perpendicular to the 

static magnetic field located in the z axis [14]. The common nutation is resultant of a 

sequence from a changing secondary magnetic field. The nutation is rotation of the 

magnetization vector into the transverse/x-y plane, where the secondary field is then 

turned off, and the vector relaxes to the original configuration of Eq. 2.4 [14]. The angle 

of the magnetization vector at any given time due to the secondary magnetic field is 

termed the tip angle α [14]. The tip of the magnetization vector due to the secondary field 

of B1, the time it is applied t1, is given by Eq. 2.7 [14].  

α = γ B1 (t1)       (2.7)                                                                

The atoms are coherent at this point because the total magnetization vectors are now all 

pointing in the same direction in the transverse x-y plane while the field is applied along 

the perpendicular axis to the static magnetic field [15]. If the secondary field is along the 

x axis, the pulse angle is at 90 degrees; the frequency is that of the Larmor frequency, the 

equations of motion in the rotating coordinate frame are given in Eq. 2.8 [15].  

    =   cos (α),       =   sin (α) cos (  t),        = -   sin (α) sin (  t)    (2.8) 

 The secondary field is then turned off and the magnetization vector is allowed to 

relax back into its equilibrium position along the z axis of the static magnetic field [15]. 

The spin lattice and spin-spin relaxation of T1 and T2 for the magnetization vector differ 

based on the consistency of the material that the magnetic moments of the protons reside 

in. The different relaxation times prolong or hasten the onset to equilibrium while the 

magnetization vector precesses to the z axis along the static magnetic field [14]. 
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2.2 Visual NMR Example 

 In order to visualize the complex motion that the magnetization vector undergoes, 

an example of a proton placed in a static magnetic field that is along the z axis is 

simulated. A common strength for the static magnetic field of an MRI system is given as 

a 1.5 T field [2]. The precession of the magnetization vector is given by Eq. 2.3.  Each 

component of the magnetization is taken together and is plotted in Fig. 2.1. 

Figure 2.1 Plotted complex motion of the three components of the magnetization vector 

taken together. The magnetization vector precesses around the cone shape. The color red 

represents the largest spatial extent and blue is the smallest spatial extent. 
 

 From Fig. 2.1 the magnetization vectors can be interpreted as symmetrically 

precessing around the z axis of the static magnetic field. The net magnetization vector is a 

summation of the magnetic moments and will retain only a z component once the 
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symmetrical components cancel out. The net z component can be interpreted as the visual 

depiction in Fig. 2.2. 

 
Figure 2.2 Resultant Magnetization Vector due to Symmetry.  

 

 A secondary field applied perpendicular to the static magnetic field in the z 

direction would cause the nutation of the magnetization vector into the transverse x-y 

plane. The magnetization vector would precess in the x-z plane about y and x-y plane 

about z. The equations of this motion for the magnetization vector have been given in Eq. 

2.8.  This complicated motion can be visually shown in Fig. 2.3.The figure has a 

magnetization vector tip of    with a precessional frequency at the Larmor frequency. 

The motion of the magnetization vector is plotted in the rotational reference frame and 

resting reference frame. 
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Figure 2.3 In the first frame the resultant magnetization vector is plotted in the rotating 

reference frame. In the second bottom frame the resultant magnetization vector is plotted 

in the resting reference frame. In both frames the applied secondary magnetic field causes 

the magnetization vector to undergo nutation into the x-y plane [15]. 
 

2.3 Detecting an NMR Signal  

 In order to make NMR of use it is necessary to detect the precessional phases of 

the magnetization vectors once the second pulsed field is removed. The magnetization 

vector relaxes back to equilibrium along the z axis in line with the static magnetic field. 

The detection of this motion is accomplished using induction within a coil. The 

magnetization vector moves from the transverse x-y plane towards equilibrium and 

causes a change in the magnetic flux in the coil [14]. A voltage is induced in the coil due 
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to the changing magnetization vector [15].The voltage in a coil due to the changing 

magnetization vector is given by v = -  
  

  
 [15]. In order to calculate the voltage, the flux 

  must be known. The flux is calculated by integrating the magnetic field over a surface 

that the coil is placed in. For one orientation for detection, a coil with radius r is wrapped 

around the x axis. The flux detection of 180˚ in the y-z plane is desired. The flux can be 

calculated by using the equation of a magnetic dipole given by B = 
  

     , where r = 

√          [15]. The integral of the magnetic field of a dipole results in a flux of 

    ∬
  

      da [15]. The total magnetization vector is the sum of all magnetic 

moments in a volume of material, given as M =  ∑   [15]. Hence, a single magnetic 

moment can be written as µ = M∆V [15]. The voltage can now be written as   

v = - 
 

  
∬

  

        da [15]. The given voltage is directly detected by the precessional 

change of the magnetic moment in the volume desired for imaging [15]. The changing 

resultant magnetization vector is due to the relaxation of the individual magnetic 

moments in a given volume. The change in the spatial components of the magnetic field 

in relation to the area of the pickup coil will generate a voltage change by inducing a 

current [14].  

2.4 Imaging an MRI Signal 

 
2.4.1 MR Gradients 

 

Image reconstruction is accomplished by applying gradients in the static field on 

the x, y, and z axis during a 90˚ pulse provide by three other changing magnetic fields  

[14]. The slice selection in the material being imaged is determined by the applied 

gradient from the secondary field that is perpendicular to the static magnetic field 
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[15]. Initially a spin echo sequence is begun by the secondary field. The spin echo 

sequence is a series of pulses in which a 90˚ pulse is created, followed by an 180˚ 

pulse which flips the state of magnetization vector [14]. The series is then repeated in 

a given amount of time based on the imaging parameters, during which the 

magnetization vector relaxes before the onset of the new set of pulsed magnetic fields 

[14]. The field gradients supplied by the secondary coil is applied during the 90˚ 

pulse. The field gradients cause the Larmor frequency to change based on the position 

of the magnetic moment in the volume/voxel that is undergoing imaging. The 

gradient causes a phase/frequency shift. 

In the beginning of an image reconstruction an echo pulse sequence is emitted 

along the x, y, and z axis. The three different spatial variations in the field across the 

material require three different gradient coils lying along the three different axes. The 

gradient field causes the protons’ resonant frequencies to vary based on the spatial 

location in the voxel [14].  The initial magnetic field of B1 is applied, corresponds to 

a Larmor frequency of   = γB1, and is perpendicular to the static magnetic field [15]. 

During each pulse sequence for each axis the applied field is varied over a time t and 

tip angle α = 
 

 
    ( ) [15]. The magnetic field applied is then dependent on the 

time given as B1 = 
 

    
. In each given axis the changing applied magnetic field 

would cause a change in the static magnetic field which corresponds to the gradient 

vector of G = [           [
   

  
 
   

  
,
   

  
  [14]. The z components of the precessing 

protons interact with the static magnetic field that is along the z axis and no other 

component. Hence the spatial variation in the z component is the only one that 
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matters. The resultant magnetic field can be given spatially as Eq. 2.9. The changing 

magnetic field/gradients correspond to a change in the frequencies in the resultant 

magnetization vectors. The frequencies are given in Eq.2.10 [15]. 

B = [                         (2.9) 

ω = [           (      )     (2.10) 

 The image reconstruction depends on three different gradients to the echo 

sequence [14]. The gradients are the slice selection, phase selection, and frequency 

selection [14].  

2.4.2 MRI Slice Selection and Frequency Selection 

  The slice selection taken by the field gradients from the multiple coils determines 

the direction of the slice taken of the material being imaged [14]. The depth of the slice 

corresponds to the frequency width and the gradient taken, which is given by the equation 

T = Δω/γ           . The gradient slice selection can be visualized from Fig. 2.4 below.  
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Figure 2.4 The gradient applied along a given axis corresponds to a specific slice 

selection of the brain. The z axis corresponds to the coronal slice. The x axis corresponds 

to the sagittal slice. The y axis corresponds to the axial slice [14].  
 

 The protons within the slice selection precess around the static magnetic field 

during the pulse in which they pick up additional phases within the slice and will be 

dependent on their individual position [14]. The voltage due to the precession of the 

magnetization vector in the voxel is given as v (t) =   ∬ (     )    (   )     [15]. 

The value of ∆z is the thickness/depth of the parameter for the desired volume along the z 

component axis.  (     ) is the magnetization per unit volume, and the cosine 

corresponds to the rotation of the magnetization vector into the transverse plane in the 

volume [15]. The voltage signal that is induced in the detection coil is dependent on the 

magnetization vector M(x, y, z) nutated into the x-y plane times the cosine of the phase 

due to the gradient selected ω = γ            . Here        corresponds to one of the 

selected gradient axis to begin the imaging sequence of the desired material [14]. 

 

 

[14] 
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 Frequency selection 

 Once the slice dimension has been selected, two more dimensions must be 

selected in order to project a spatial image of the desired material. The second dimension 

is known as the frequency selection. In this situation the spatially dependent frequency 

shift of the magnetization vector due to the gradient is turned on when the data from the 

precession and nutation is desired [14]. The frequency shift will be calculated by the 

gradient axis selected for the frequency. At a given location the slice is selected at a 

specific instant during the time average t. The phase of the selection is written as        

γ     (s) t [14]. In this equation s denotes the spatial axis for the orientation given as s=x, 

y, or z. The cosine value of         is the change in the signal as the magnetization 

vector is rotated into the x-y plane while the frequency is shifted due to the changing 

magnetic field [15].  The equation of the voltage signal can be written as  

v (t) =   ∬ (     )    (          )      [15]. 

 The MRI projection reconstruction used in many machines is called signal 

feedback projection method [15]. The method breaks the detected voltage signal into two 

components. The components are analyzed using Fourier series. In which the voltage is 

multiplied by components of cos (    ) and sin (    ) [15]. The two signals for the 

construction of the voltage signal are given in Eq. 2.11. 

C = ∬ (   )    (      )     , D = ∬ (   )    (      )            (2.11) 

In Eq. 2.11 the slice depth of ∆z has been removed to simplify the equation [15]. Here the 

magnetization is now per unit area which is needed in the visual reconstruction of the 

image onto a two dimensional plane for viewing [14].   
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2.4.3 MRI Phase Selection 

 The final dimension to be selected is the phase selection. A selection is made 

along last remaining axis where the gradient has not been taken. For example, if the slice 

selection was along the z axis, the frequency selection was along the y axis, the phase 

selection would have to be along the last remaining axis which is the x axis. The final 

gradient imposes a spatially dependent phase on the precessional frequency of the 

magnetization vector during the nutation [14]. However, the phase gradient is turned on 

and off. This happens before any values are recorded by the scanner [14]. After the slice 

selection has been fired the phase gradient is applied for a given time t2 and then is 

turned off [14]. The phase gradient        selected along one of the axes is applied to 

cause a phase shift       , given in Eq. 2.12 [14].  

      =       (t2) = γ      s (t2)     (2.12) 

The additional phase will remain after the gradient has been turned off [15]. Thus 

resulting in the given signals listed in Eq. 2.13 [14, 15]. 

C =∬ (   )    (       )     , D = ∬ (   )     (       )        (2.13) 

2.4.4 Slice, Phase, and Frequency together in sequencing 

 In the combined sequence of slice, phase, and frequency selection it is better to 

combine the effects in a single image reconstruction equation. In order to image in the 

frequency domain, the Fourier transform is applied to the magnetization per unit area 

M(x, y) of the x-y domain [14]. To build an image in the frequency domain, k space 

formalism is used and is calculated as        = 
       

  
(t2) and        

      

  
(t2) [14]. 
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The x-y domain is related to the frequency of k space formalism and is presented in Eq. 

2.14 [15]. 

M(x, y) = (    ) ∬       d     [C (            )cos (              )  

 (            )   (            )] (2.14) 

The coefficients are given by equation 2.15 [15].      

C (            )=∬ (x, y) cos (                )  

D (            )=∬ (x, y) sin (              )      (2.15) 

Using complex notation on the phase and frequency where  

S (      ) = C (      )    (      ) and S (     )   (     )    (     ) the final 

single equation in complex k space formalism is given by Eq. 2.16 [15]. 

S (            )    ∬ (   )                   dxdy   (2.16)  

  

The signal equation given in Eq. 2.16 can be viewed in the sequence diagram in 

Fig. 2.5. In Fig. 2.5 a     field is fired into a given depth of z which applies the gradient 

slice along an axis. M data values are taken [14]. The gradient phase is then turned on for 

a given amount of time t2, and then is turned off [14]. When the phase gradient is turned 

off, the frequency is turned on and N data values are collected [14]. After a time of t the 

frequency gradients are turned off and the data collection ceases. The image is 

reconstructed in the frequency domain of N    data points on the two dimensional 

plane to be viewed [14].  
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Figure 2.5 The Time echo imaging sequence applied to reconstruct an image in the 

frequency domain [14]. 
 

       The image is constructed in k space and can be interpreted as being constructed in 

the frequency domain instead of the spatial domain. For example, if the slice gradient is 

selected as the z direction, the image will be constructed around the z axis. The phase 

gradient is in the x direction and the frequency gradient is in the y direction. Eq. 2.17 

would give the signal to be reconstructed [15].  

S (     )    ∬ (   )            dxdy    (2.17) 

The signal projection reconstruction for nine points of data is plotted in Fig. 2.6.  In the 

figure the relaxation time was held as a constant that equaled 2 ms. The slice depth was 

[14] 
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taken as 1 µm, and the x-y points of data were plotted in increments of 3 Hz by 3 Hz 

around the origin of 0 Hz by 0 Hz.  

 
Figure 2.6 Nine data points correspond to a change in    and a change in     The 

frequency/phase shift towards equilibrium returns to equilibrium after the TE sequence. 

In this example model no differentiation due to the material for spin-lattice or spin-spin 

relaxation was made. The points represent the magnetization vectors as they relax 

towards equilibrium. Red indicates the closet point near equilibrium. 
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Chapter 3 

Overview of Neural Activation and Imaging of the Activation 

 

 

 
3.1 Neural Network Activation in the MRI Voxel 

Neuron imaging with MRI involves the imaging of the intricate firing and 

communication between neurons. The image reconstruction in MRI is due to the 

magnetic field that is a result of the conduction of current across the neuronal network. 

The neuron contains four sections which include the soma, axon hillock, axons, and 

dendrites [17]. Figure 3.1 depicts a column of neurons in the cortex [18].  In each 

individual neuron the soma is the circular bulb at the base of the multiple dendrites. The 

dendrites and axons of the neuron branch off the soma represented in Fig. 3.1. 
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Figure 3.1 A column of neurons in the cortex [18].  

 

The soma is the neurons’ controlling center where it can detect, integrate, and 

emit nerve impulses. Multiple processes from the soma constitute dendrites. The 

dendrites serve as a relay system to interact with other dendrites at sites called synapses 

where the signal is conducted chemically. This system allows an action potential to be 

emitted from one neuron to another within the brain. The axons of the neurons that lie 

below the outer cortex of the brain have a wrapping called myelin. The myelin is 

composed of glial cells (lipids) which are initially a product of the soma. The glial cells 

serve as a structural support for the neuron [19]. A large amount of glial cells in a depth 

of approximately 6 cm in the brain, provide a comparative difference to be made within 

the brain [19]. Hence, it provides a method to differentiate the outer cortex as gray matter 

and the inner compartment of the brain as white matter [19]. The white matter is due to 
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the white colorization from the outer myelination on the surface of the axons in the inner 

compartments of the brain. The gray matter of the brain corresponds to the un-myelinated 

axons in the cortex [19].  The typical dendrite length in a human cortex varies from 0.1-

0.45 µm and has a diameter of 0.2 µm, with an average dendrite separation length of 

0.001 mm [12, 20]. The length of an axon within the cortex is taken as 1 mm and has a 

diameter of 10 µm [8, 20], which the adjacent dendrites connect at synapse [17].  

Neuron-neuron interaction conducts the action potential/current in one direction at 

a time [17]. The polar direction of a neuron is due to the ion concentration that allows the 

conduction of the intracellular current along one path at a time [19]. The term 

intracellular current refers to the current that is conducted within the body of the dendrite 

and the axon [21]. Extracellular current is referred to as the current that propagates 

through the membrane of the conducting axons and dendrites into the interstitial fluid that 

rests between the axons, dendrites, and soma in the gray matter of the cortex. The 

concentration gradient that is dependent on the amount of ions in a specific location is 

what permits the conductance of an action potential. The two main ion concentrations of 

concern consist of Potassium, K
+
, residing within the axon and the dendrite, and Sodium, 

Na
+
, residing on the outer surface of the axon and the dendrite in the extracellular 

interstitial fluid [19]. The resting membrane (inactive) potential for the neuron is -70 mV 

[17]. In the membrane of the dendrites and the axons reside gated junctions/channels in 

the outer membrane of the axons and dendrites. When the membrane is at rest a very few 

amount of channels are active. In essence these gated channels act as resistors to the ions 

and control the current produced in the dendrite and axon which prevents conduction 

below the threshold limit [15]. These gated sodium and potassium channels are selective 
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to the two ions, and control the direction of the current due to the onset of a 

depolarization wave. The onset of a depolarization wave emitted from the soma, is a 

result of the neurotransmitter Acetyl-Choline binding to the chemical sites in the synapse 

between dendrites [17]. This causes the membrane to become permeable to the sodium 

ions and the expulsion of the potassium ions along the dendrites and axons that are 

connected to the soma. The initial onset of the current of the action potential in the 

dendrite is known as the pre-synaptic neuron impulse [19]. In essence the generated 

neuronal currents are the direct result of ion concentration on and in the axons and 

dendrites [12].  

The depolarization wave due to the pre-synaptic neuron causes the gates to 

calcium ions to open within 200 µs [15]. This triggers the calcium ions to flow into the 

synaptic cleft and into the chemical sites located at the post-synapse across the cleft [17]. 

The calcium neurotransmitter binds to the sodium ion gates and causes them to open and 

electrically conduct the action potential along the effectors. The sodium enters through 

the membrane and allows the effectors to conduct the depolarization wave from the 

postsynaptic cleft. Once the post-synapse has depolarized to -50 mV (the minimum 

threshold that must be met) the action potential is conducted along the axon and dendrites 

[17]. Once the minimum range of a 20 mV increase occurs, the action potential is 

conducted along the dendrites [22]. For the axon the maximum range is a 110 mV [22].  

The rise time in order for the action potential to undergo depolarization through the axon 

is 0.5 ms, and for the dendrite is 1 ms [12, 20, 22]. Once the post-synapse has 

depolarized, the potassium channels are triggered and opened, and the potassium ions 

flow through the membrane into the body of the effecter. The sodium potassium pump of 
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the membrane also engages and begins to pump out the sodium back into the extracellular 

interstitial fluid at a rate of 3 sodium ions at a time. At the same time the sodium exits the 

potassium is pumped back into the body of the axon and dendrite two ions at a time. This 

system causes the re-polarization of the membrane potential back to the resting synaptic 

potential after a refractory delay period where no action potential can be conducted.  

Once the re-polarization at the post-synapse has occurred the trend is followed along the 

axons and dendrites that are associated with the conductance of the action potential. The 

axons and the dendrites reach their associated maximum action potential values when the 

depolarization triggers the Potassium gated channels to open. The sodium-potassium 

pump engages, the sodium flows into the intercellular fluid, and the potassium is pumped 

back into the extracellular interstitial fluid. The re-polarization of the dendrite takes 

roughly 1 ms, and the axon re-polarization takes approximately 0.5 ms [7, 12].   

The total duration of an action potential in an axon occurs for roughly 1 ms, and 

occurs for the dendrite for roughly 2 ms [8, 22]. During these time periods no other action 

potentials can be conducted. Absolute refractory period means that during the onset of 

depolarization and re-polarization no further action potential can occur. This is because a 

given set point for ion concentrations must be met before another action potential can 

occur. During this period, if two action potentials are generated at different ends of a 

dendrite or axon, the signals will cancel each other out. The signal cancellation will occur 

because of the given ion concentrations that are out of their resting condition. The resting 

potentials are needed to transmit a potential, this corresponds to a given ion concentration 

that can only occur in the rest state when the body of the dendrite contains a larger 

amount of potassium. If that concentration is not met, the two oncoming signals have no 
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adjacent concentration gradient to conduct and transmit along the membrane of axon or 

the dendrite. Hence conduction along the axon or dendrite will cease. In the situation 

where the neuron/soma receives multiple excitatory impulses, it will integrate the 

multiple signals, and relay the standard action potential along the axons and dendrites 

[15].  In addition to the refractory period, the soma (integrating center) in conjunction 

with the pre and post-synapse will ensure that the action potential will conduct in only 

one direction giving rise to the polarity [17].  

The magnitude and orientation of the resultant magnetic field corresponds to the 

current arising from the action potential.  During depolarization the dendrite maximum 

current has been calculated as 0.1 nA, and the axon maximum current has been calculated 

roughly as 5 nA [2, 8]. The re-polarization is taken as the negative of these values. These 

current states correspond to the source and sink of a current dipole traveling along the 

dendrite and the axon [2]. The magnetic field from the dendrites will affect the 

precessional state of the MRI signal by making additional contributions to the phase of 

the precessional state [7, 11, and 22].  

In a given voxel of 1    , assuming the volume is active, an imaging sequence is 

detecting the 50,000 neurons per cubic mm undergoing the depolarization and re-

polarization of tens of millions of dendrites and a large number of axons [20]. A 

multitude of neurons that lie within the voxel volume compose the neural network being 

imaged. Many different neurons at a given time will be undergoing different cycles in the 

re-polarization and depolarization stage. This corresponds to a difference in action 

potential values, which also corresponds to different current states. These different 

current states with in a volume of the cortex cause the shifting in the magnetic field 
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calculation and imaging [12]. In essence, the imaging of neurons with MRI is in all 

actuality the imaging of the dendrites and axons in the neural network undergoing 

different action potentials in a given voxel. This imaging sequence will yield a net 

magnetic field that is dependent on that action potential.  

3.2 MRI Imaging of Neuron 

 The communication between neurons generates a neuronal magnetic field that is 

the same as a current dipole. The current dipole is a result of the intracellular current 

conducting through the axons and dendrites as a result of an action potential driving ions 

into and out of the cellular membranes of the conducting medium [21]. The magnetic 

fields produced due the current dipoles arising from neuronal firing make a contribution 

to the additional phases of the precessional frequencies of the relaxing magnetic moments 

of the volume being imaged.  

 The parallel components of the neuronal field will only make a contribution to the 

static magnetic field       . The neuronal fields will cause the precessional spins in the 

nutated transverse plain to pick up additional phases in the detection sequence of the 

signal [8]. In this case the additional phases can be thought of as being added to the 

phases due to the frequency and phase selection (        and      ) that occurs during 

imaging. The new added neuronal phase increase          , when applied in the imaging 

sequence, will cause a permanent change in the precessional frequency of the 

magnetization even when the firing sequence is over. The effect of adding to the 

permanent precessional frequencies of the signal, even when the neuronal firing is over, 

is similar to the same situation of what happens in the phase selection sequence. In the 

phase selection sequence of the changing magnetic field is turned on then off. However, 
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in this case the additional phase to the precessional and nutated state remains the same 

after the phase gradient was turned on [14]. One can then envision neuronal firing is the 

same as turning the field on and off. The change in the frequencies during imaging is 

what is needed to understand what part of the brain is undergoing firing. The phase 

contribution due to the neuronal magnetic field of a given point (x, y, and z) in the 

activated region in a voxel/volume can be calculated by Eq. 3.1 [2]. 

       (     )  ∫    (       )    ( )  
  

 
      (3.1) 

In this equation, TE represents the time of the echo sequence that is described in Chapter 

2. Theta, θ, is the angle along the x coordinate axis that lies between the static magnetic 

field and the total neuronal magnetic field that will nutate the magnetization vector [2]. 

The cosine of theta ensure that only the components of the neuronal magnetic field 

parallel to the static magnetic field are selected to add to the overall phase shift of the 

MRI simulation.  

 The neuron located at point (x, y, and z) in the activated region causes a phase 

shift in the MRI signal at point (x, y, and z) in a voxel. The signal of the neural magnetic 

field at point (x, y, and z) in a voxel over a volume can be calculated as Eq. 3.2 written in 

complex notation [8]. 

S = ∭ (     )    (      )            (3.2) 

 In Eq. 3.2 dV is the infinitesimally small volume of the voxel of interest being 

integrated over,  (     ) is the magnetization vector per unit volume, and  (     ) is 

the phase contribution given in Eq. 3.1 at that moment in time [8]. Hence the MRI image 

is the sum of the magnetization vectors within the voxel volume of interest that are 

affected by the dendritic firing. Equation 3.2 provides a way to calculate the signal 
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contribution from multiple phases due to multiple neurons varying spatially with in a 

voxel.  

3.3 Thesis Overview and Research Questions 

The answers to the questions that arise from the attempt of imaging activated regions 

in the brain have varied according to the research performed by others [12]. The many 

conditions that have to be met in order to estimate the feasibility of imaging neural firing 

are varied. In an attempt to find the minimum conditions that have to be met in order to 

image active neurons, a voxel of 1     with the four million spatially separated 

dendrites will be constructed. The aim of the model is to present realistic calculations that 

incorporate the magnetic fields, post synaptic pulse field shifting, phase contributions, 

and signal changes resulting from neuronal firing in a single cycle imaging sequence (or 

1 Hz). The model will have to answer the following research questions. 

 What is the maximum neuronal field, phase, phase change, and signal change 

from the smallest detectable MRI range that one can expect from a 1    voxel? 

 How do the field and phase vary with the increase in neuron density? 

 What is the minimum neuronal field, phase, phase change, and signal change 

from the smallest detectable MRI range that one can expect from the random 

orientation of dendritic sheets in a 1    voxel? 

 What is the minimum condition for the phase shift in the intracellular current that 

can meet the minimal detectable range? 

 What is the minimum number of active dendrites undergoing synchronous 

depolarization needed in order to produce a detectable signal? 
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 Do the axons stemming from the neuron produce a large enough fields to 

significantly contribute to the overall phase? 

 Does a voxel significantly affect overall field of an adjacent voxel? 
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Chapter 4 Theory and Methods 

 

 

 
4.1 Neuronal Magnetic Field 

 

 Gray matter in the brain contains millions of dendrites. Each individual dendrite 

conducts an intracellular current and an extracellular current as a result of an action 

potential that is conducted from an axon into its accompanying dendrites.  The 

extracellular current is on the order of        in magnitude and the intracellular current 

is on the order of      A [21]. In the approximation of the dendrite the extracellular 

current will be left out due to the small magnitude of the magnetic field [2]. The main 

current component that will generate the depolarization and re-polarization magnetic field 

of the current dipole arises from the intracellular current [2]. The action signals are 

created by the currents that travel through the axons and dendrites. Any contribution to 

the signal of an MRI due to the soma is not considered in the model.  

The resultant field contribution from the dendrite and the axon is approximately that 

of a current dipole [21]. A current dipole of equal magnitude source and sink arises from 

the action potential resulting in the depolarization and re-polarization of the dendrite. The 

depolarization from the sodium and potassium channels in one direction over a given area 

causes a current in the positive direction with a given orientation for the magnetic field. 

This creates a source for the dendrite. The falling edge of the action potential results in 

re-polarization magnetic field of the dendrite.  The re-polarization causes a reverse in the 

current and a change in the direction of the field, creating a sink. The combination of 

source and sink is depicted in Fig. 4.1. 
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Figure 4.1 Source and sink that result in a current dipole. 

 

Generally, each action potential over a dendrite lasts on the average of 2 ms and at 

a maximum of 10 mV [22]. The action potential of the axon lasts 1 millisecond and 

reaches a maximum of 110 mV [12, 22]. The action potential of 10 mV corresponds to a 

maximum dendritic current of 0.1 nA during depolarization [8]. Similarly, during re-

polarization the minimum value for the current corresponds to -0.1 nA.  In the axon the 

maximum dendritic depolarization current reaches 5 nA [2]. Minimum re-polarization 

current is about -5 nA. The dendrites residing in the gray matter of the brain in a human 

cortex can be taken as 0.3 µm, a diameter of 0.1-0.2 µm, and with an average dendrite 

separation length of 0.001 mm [12, 15, 20, and 21]. The axon length in the cortex is taken 

as 1 mm with a diameter of 10 μm [12, 20]. 

The current flowing through the dendrites and axons represent the communication 

between neurons. The desired model will calculate resultant magnetic field arising from 

the time dependent current inside the dendrites and axons. In the model each individual 

dendrite and axon is orientated with the dendrite along the x-axis coordinate. In reality 

the dendrites are stretched along in multiple spatial vectors that span across different 
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levels in the gray matter of the brain. The dendrite orientation can be modeled in as a 

volume in the x, y, and z Cartesian coordinate system. The dendrites are orientated 

perpendicular to the cortex [20]. Neurons grow perpendicular to the surface of the cortex 

along the z coordinate axis and lay along the x coordinate axis. This orientation is the 

basic geometrical program construct in the model. In the human cortex the dendrites 

branch off of the soma and axons which grow perpendicular to the surface. The dendrite 

tree can be viewed as growing from the trunk of the soma into complex geometries along 

the x-y plane in which the spatial average of their separations can be taken as 0.001 mm 

[20].  However, in the approximation of layering of the dendrites along the x-y plane in 

stacked formations, it is as if the scanner is taking sliced layers with the MRI. In the 

calculation for the maximum magnetic field the upper range for the current will be 

originally considered. The reason the current is selected in this manner is because the 

maximum field magnitude is desired. The maximum additional phase estimation will 

provide the necessary information needed to determine the maximum possible phase 

change to the signal.  

4.2 Equation for Neuronal Magnetic Field 

4.2.1 Single Axon and Dendrite Magnetic Field Approximation 

The magnetic field emanating from the dendrite and the axon can be estimated by 

applying Biot-Savart’s law in which any point for the magnetic field outside or inside the 

dendrite can be calculated. Each dendrite is modeled as a long finite wire that is 

cylindrically symmetric and uniformly dense. The field is calculated with Biot-Savart’s 

law from distances starting far away from the dendrite to approaching the surface of the 

dendrite. Starting with Biot-Savart’s law:  
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B = ∫
  

  

    

  
                   (4.1) 

Where μ is the magnetic permeability of space, r is the radial vector, dl the 

incremental length of dendrite, and r is the magnitude of the radial vector. Initially the 

estimation of the field strength of the dendrite will be assumed to be located at a specific 

point where the current is occurring at moment in time. The neuronal current along the 

dendrite and axon are taken in different time steps [4]. In the simulation, the dendrite is 

assumed to have a length of 0.3 µm and the current is taken in time steps of 0.01ms [20]. 

The calculation will initially start at an observation point that is located at (X, Y, Z). The 

current dipole field observation and orientation is given in Fig. [4.1]. 

 
Figure 4.2 The current dipole orientation and its associated magnetic field observation. 
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The dendrite is along the x axis so the incremental length contribution is along the 

 ̂                    = ̂dx. The radial vector of r is the vector from each observation 

point to the location of the dendrite. Hence, the radial position vector is given by r= (X-x, 

Y-y, Z-z). Taking the cross product of the length increments of the dendrite and the radial 

vector yields: 

    r =   [
 ̂  ̂  ̂
    

         
]     (Z-z) dx  ̂+(Y-y) dx  ̂     (4.2) 

The magnitude of the radial position vector in Eq. 4.1 is given by 

     (   )  (   )  (   )   
 

 ⁄    (4.3) 

In the dendrite and axon approximation, only the z component of the field is taken 

into consideration. The z component of the neural magnetic field is parallel to the static 

magnetic field of the scanner [2]. The other components of x and y are assumed to be 

negligible in the approximation. This assumption is taken because only the z component 

of the neural magnetic field will be considered to affect the precessional states of the 

magnetization vector taken in MRI. Any precessional addition from the x-y components 

of the resultant magnetic field due to depolarization and re-polarization current will be 

neglected. Combining Eq. 4.2, 4.3, and substituting them into Eq.4.1 gives:  

B = 
 (   )

  
∫

 ( )   ̂

 (   )  (   )  (   )   
 

 ⁄   
              (4.4) 

Rewriting Eq. 4.4: 

B =  
 (   )

  
∫

 ( )   ̂

 (   )      
 

 ⁄   
         (4.5) 
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Here    =(   ) +(   )  is the distance between the observation point and the 

surface of the dendrite [4]. 

To estimate an order of magnitude for the field strength, the current is taken as a 

constant over the entire range of the dendrite (i.e. not dependent on the location of current 

pulse in the dendrite). The intracellular current is taken as a constant between the end 

points of the dendrite. The points for the constant current in the dendrite are taken within 

the range 0<L<  . Hence, the intracellular current is written i(x) = I. The new magnetic 

field equation is now: 

B =  
 (   ) 

  
∫

   ̂

 (   )  ( )   
 

 ⁄   
      (4.6) 

Equation 4.6 is the basic magnetic field of the current dipole that I will use for the 

estimation of the magnitude of the field strength for a single dendrite that is along the x 

axis. Integrating Eq. 4.6 becomes: 

B =  
  (   )

    [
   

 (   )  ( )  
 
 

 
 

 ( )  ( )  
 
 

]  ̂     (4.7) 

The current in Eq. 4.7 can now be incrementally increased as a function of time and 

location i(x, t). The time necessary for an action potential to conduct through a cortical 

dendrite is 8 ms [20]. For a dendrite, the conduction velocity is 0.03 mm/s. The 

conduction velocity for the axon is 1 m/s [4]. In the simulation of the dendrite and axon 

the time of conduction is taken into account. The time steps for the current are taken as 

0.01 ms along the current, i(x, t) conducting along the x axis. The values for the 

intercellular current for the dendrite and the axon range from ± 0.1 nA [8] and ± 5 nA 

[21]. 
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4.2.2 Single Neuron-Additional phase equation from an Action Potential 

 The additional phase contribution to the precession given in Eq. 3.1 can now be 

adjusted by the given field in Eq. 4.7. The resultant equation for the dendritic current can 

be calculated using Eq. 4.9. 

       (       )  ∫    (       )    
  

 
    (4.9) 

The cosine term can now be dropped because it served the purpose for selecting the 

component of the field that was parallel to the static magnetic field.  

4.3 Magnetic Field of Multiple Dendrites and Axons 

 In estimating the current dipole magnetic field due to a two-dipole system, the 

spatial relationship and interaction of the magnetic field must be taken into account. The 

mathematical functions for the composite model must take into account the varying 

magnetic fields, currents, and orientations of multiple dendrites. This requires the 

superposition principle to be applied to the overall magnetic field given in Eq. 4.7 [4]. 

B = 
  (   ) 

 (    )

    
 [

      
 

 (      
 )  (  )  

 
 

 
    

 

 (    
 )  (  )  

 
 

]  ̂     (4.10) 

In Eq. 4.10, n represents the nth cylindrical dendrite or axon placed in the three 

dimensional Cartesian coordinate system [4]. The nth cylindrical dendrite or axon is 

placed along a new axis in the coordinate system in which the length of the nth cylinder 

lies along the new coordinates between  (    
    

 ) [4]. Essentially d is the new origin 
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where the dendrite length will start from. The current  (   ) 
  represents the current of a 

given dendrite or axon along a new spatial coordinates at a given time. In the Eq. 4.10 

  
 =(    ) +(    )  is the radial distance to multiple observation points for an n 

specific dendrite [4]. Eq. 4.10 will provide the ability to model not only two dendrites but 

multiple dendrites and composite their magnetic fields and phases spatially in a given 

voxel.   

In order to model a given dendrite with this equation, a value has to be assigned for n 

which depends on the specific dendrite. That dendrite has a specific set of observation 

points where its axis is set about a new vector origin shifted from the original origin in 

the xyz volume.  

Again, a specific dendrite n is selected, and at that given time the dendrite current I 

can fall in the range of ± 0.1 nA [8].  In short, Eq. 4.10 enables the dendritic and axonal 

magnetic field vector components of the model to be added for n dendrites and axons. 

It is necessary to understand the effect that multiple dendrites can have on the phase 

shift of MRI. The shift caused by varying current resulting in parallel and anti-parallel 

states is not the only point of interest between two dendrites. The rotational effects 

arising from the varying orientations of two dendrites are also very important to the 

resulting field calculations. In order to perform this operation, the Euler angles from the 

transformation due to rotation of the dendrite orientation need to be applied. This can be 

accomplished by applying the transformation matrix Eq. 4.11[23].  

T=[
                                                  

                                                    
                     

] 

(4.11) 
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The visual aid for the rotation angles θ, Φ, and Ψ on a plane can be visualized in Fig. 4.2. 

 

Figure 4.3 The angles of the spatial rotation of the dendrites and axons in a     

volume [23].  
 

 The orientation of the dendrite is not the only factor that is of concern in the 

dendrite model.  Another point of concern is the state of the two dendrites. The parallel 

state corresponds to the depolarization of the dendrites [21]. The parallel state can be 

interpreted as the positive z component magnetic field of the dipole due to the maximum 

value of the depolarization current. The anti-parallel state corresponds to the negative z 

component magnetic field of the dipole at the maximum negative current.  During the 

propagation of the action potential the dendrite and axon can be found at the parallel 
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state, anti-parallel state, or anywhere between.  These states are of concern because the 

field interaction of the dendrites and axons will result in a multitude of changes in the net 

resultant magnetic field. The overall effect can be termed as the "Post Synaptic 

Propagation (PSP) Field Shift". Later in the chapter, when dealing with multi-level 

dendrites, the PSP field shift interaction occurs as a result from the fluctuating states 

between parallel and anti-parallel configuration. The main concern of this situation is the 

effect of the magnetic field that one dendrite will have on its nearest neighbors in the 

same volume. The effect will result in a net loss or gain in the phase provided by the 

overall spatial field during a TE time of 10 ms. The phase is due to the vector sum of the 

field generation of the dendrites. 

 Another point of concern is the symmetrical cylindrical model approximation of 

each individual dendrite. In reality, dendrites branch off of the soma. However, their 

maximum spatial separation is 0.001 mm from each other [20]. In this approximation, the 

dendrites are spatially separated 0.001 mm apart along the y axis. Along the x axis the 

dendrite separation is taken approximately as 0 .2 mm apart to simulate the synapse [20]. 

The orientation of a section of dendrites in a layer volume of 2 x         is presented in 

Fig. 4.4. The ellipsoids represent the spacing of the dendrites that taper together at a 

synapse, and at a maximum length equal to that of the dendrite length of 0.3 µm. The 

squares represent where the cylindrical dendrites are placed in the simulation. In Fig. 4.4 

the visual aid doesn't take into account the field that arises from the tapering sections of 

the dendrites meshing together. 
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Figure 4.4 Visual representation of the spatial separation of dendrites in a 2x        

volume. The ellipsoids represent the empty space between the dendrites. The rectangles 

represent where the dendrites will be placed with a spatial synapse between them at a 

value of 0.2 mm. 
 
 

The actual structure of multiple dendrites in a xyz volume is similar to a sponge in which 

each individual dendrite tapers off into a synapse. The tapering is estimated by overlaying 

a second dendrite in the x-y plane intersected by two ellipsoid empty spaces. The 

estimation will determine if the contribution is large enough to add a substantial value to 

the field and phase calculation.  

4.4 Neuronal layer in a Voxel 

The simulation is continued with the calculation of a layer of neurons in a realistic 1 

    voxel. The evaluation of the magnetic field will be made with a layer of neurons 

(i.e. dendrites) residing in a volume of 1mm x 1mm x 1.2x     m. The magnetic field 
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vector component is taken in the z direction parallel to the static magnetic field. The 

dendrites are taken in their parallel state with synchronous firing. Hence, the magnetic 

field vector will sweep through the volume in the 10 ms echo time. The orientations of 

the volume will create a uniform distribution of dendrites in the x-y plane. In accordance 

with the standard value of 50,000 neurons/    residing in gray matter, an 

approximation of the neuron density is made [17]. The dendrites are laid along the x axis 

with a synaptic spacing of 0.2 mm [20], and are replicated along the y axis spacing of 

0.001 mm [20].  

The configuration of the simulation provides a means of calculating the overall 

magnetic field of a slice section/layer of dendrites extracted from a 1     voxel. The 

layer calculation estimates the z component of the magnetic field that affects the area of 

the fields of the adjacent dendrites. Each adjacent dendrite will contribute to the overall 

field that will span the volume. Hence, it is necessary to understand the spatial extent of 

the phase shift in order to understand the affected detected area in an MRI image.  

4.5 Neuronal Magnetic Field of an Activated Voxel 

The simulation to be considered is in an activated voxel of 1x1x1     in which the 

dendrites run along the x direction. The neuronal model is a simplified version of the real 

dendrites that reside in complex orientations. Assuming a simplified parallel alignment 

can give a rough estimation on the maximum effect that neural firing can have on the 

signal output of an MRI image. In the voxel the order of magnitude on the number of 

dendrites is roughly     packed into a volume of 1   . In order to make a three 

dimensional plot with the field generated along the z axis, similar to an MRI image, the 

simulated voxel has to be built in three dimensions with the z coordinates taken in the 
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direction of the magnetic field. The magnetic field is calculated using Eq. 4.10. In this 

approximation one volume layer of dendrites is taken at the origin and another is taken at 

the same time located in the z direction at a point of origin (0, 0, 1.2 µm). The second 

volume layer of dendrites at this location represents the next layer in the voxel from the 

base. The second volume layer of dendrites is located directly above the one at the origin. 

Each new spatial layer is then taken in increments of 1.2 µm up to a 1mm height. In the 

model only a firing sequence of 1 cycle (1 Hz) at many different starting points in the 

depolarization and re-polarization will be estimated. Taking the magnetic field 

summation of all layers over 1 cycle (1 Hz) will provide the resultant magnetic field of 

the 1    voxel. Once the magnetic field is found, the phase, phase change, and relative 

signal change of Eq. 3.2 can be calculated. The minimum magnetic field technology limit 

that is currently available for MRI is 1 nT [12]. Hence, the relative percent change in 

signal is calculated as 
  

  
        over the entire voxel. The minimum detectable field 

corresponds to a phase of 0.002 radians over the entire voxel. The relative change in the 

signal is calculated as the signal produced by the dendrites minus the minimal detectable 

signal. The relative signal change of Eq. 3.2 is what is needed in order to estimate 

feasibility that the effect of neural firing could have on an MRI signal. A visual example 

of the orientation in the brain is provided in Fig. 4.5. 
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  1 

 2 

Figure 4.5 Visual Representation of Firing dendrites in voxel. Frame 1 is a visual 

example of a 1     voxel volume located in the cortex [14]. Frame 2 is the orientation 

of the dendrites. Here the length of the dendrite is along the x axis. The z component is 

the signal due to the phase components from the magnetic field. 

 

4.5.1 Separation and Rotation of Activated Voxel 

In reality a voxel filled with neurons contains complex neuronal geometries. Some 

dendrites taper into synapses and can be simulated by 360˚ of rotation about a given 

origin. In order to estimate the effects of arbitrary geometries, arbitrary rotations need to 

be performed on the dendrites in a voxel. Due to the computational time that would be 
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required for the individual rotations of 4x    dendrites, whole volume layers were 

grouped into multiple sections, and those sections would be selected for the rotations. 

Hence, the voxel will be broken into six sections. In each section of the voxel, there will 

reside 139 volume layers of dendrites. Each section will be rotated around the z axis in x-

y plane. The angles selected for the arbitrary geometries will be    ,    ,     ,     , 

     and 270˚, respectively [4]. In this simulation the current will be implemented as 

synchronous.  

The arbitrary rotations of the sections of dendrites estimate the resultant field due to 

arbitrary orientations of multiple layers of dendrites. However, the angles selected for this 

purpose will not provide the maximum effect due to the spatial orientations of dendrites 

in a voxel for the computer model. The minimum magnetic field can be calculated when 

the maximum number of dendrites are farthest apart due to the rotation of the ascending 

layers. The geometry of the maximum separation of the dendrite in the six sections will 

result in respective rotations that are increased in increments of      Hence; the selected 

angles are 0˚, 60˚, 120˚, 180˚, 240˚, and 300˚, respectively. The rotations will correspond 

to the maximum net loss in the magnetic field for a synchronous depolarization and re-

polarization of the intercellular current.  

4.5.2 Post Synaptic Propagation Field Shifting 

 In the previous section, the 1    voxel was always chosen such that all dendrites 

in the layered voxel sections were undergoing synchronous firing. In reality, this may not 

always be the case. If one section of voxel has already undergone the initial firing just 

before the 10 ms imaging sequence has begun, it will result in an overall magnetic field 

shift due to the current that conducts through the other section of voxel. The spatially 
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added vector components of the magnetic field will experience a magnetic field shift 

above and below the layer that is undergoing a synchronous depolarization and re-

polarization. It is important to understand this effect because it will determine the 

maximum field that a voxel can reach. The concept is presented in Fig. 4.6-4.8. In these 

simulations of the magnetic field, two dendrites have been simulated in a sample of PSP 

field shifts. In Figs. 4.6-4.8 the PSP field shifts represent different starting points as the 

current conducts into the two dendrites which are spatially separated along the z axis by 

1.2 µm. In the actual calculation, the effect needs to be estimated using millions of 

dendrites in the actual 1     voxel volume. 

 

Figure 4.6 Simulation of PSP for two dendrites separated by 1.2 µm along z axis. A 40 % 

field shift is implemented relative to the dendrite at the origin. 
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Figure 4.7 Simulation of PSP for two dendrites separated by 1.2µm along z axis. An 

 80 % field shift is implemented relative to the dendrite at the origin. 
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Figure 4.8 Simulation of PSP for two dendrites separated by 1.2 µm along z axis. A 

100 % field shift is implemented relative to the dendrite at the origin. 
                                                       

In the actual simulation, the voxel volume of symmetrical dendrites will be broken 

into two groups of 417 layers in each of the two sections (There are a total of 834 volume 

layers in a 1     due to the spatial separation of 1.2 µm). In one section of the voxel, 

the PSP magnetic field will be shifted in respect to the other section undergoing a 

synchronous firing sequence during the 10 ms time period. The voxel volume of 

asymmetrical dendrites (rotation of     increments) will be broken into six groups of 139 

volume layers in each of the six sections. The magnetic field will be shifted in each 

section in respect to the other sections undergoing a normal firing sequence during the 10 

ms time period. 
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4.6 Field Effect of Adjacent Voxels 

 In performing active voxel simulations the effects due to adjacent voxels need to 

be estimated. In reality, this one volume voxel is surrounded by the other neighboring 

voxels. The magnetic field that one voxel can contribute to an adjacent voxel needs to be 

estimated. The additional magnetic fields of voxels that spatially correspond to being 

above and below will not be simulated. The reason for this is because in MRI a further 

depth in the volume being imaged corresponds to a larger voxel volume. The current 

techniques used to determine which areas of the brain that are involved in cognition are 

usually modeled with volumes such as 1     [14]. If multiple voxels in the cortex were 

synchronously active, the signal would be detectable. However, the human cortex is 4 cm 

deep, if a voxel was 4 cm deep the effect would decrease the ability to spatially pinpoint 

what regions in the 4 cm were active and which were not [17]. In view of this topic, only 

the adjacent components to the voxel will be considered. 

In this simulation, it is assumed that the adjacent voxels will have the same 

orientation during the firing. They will be spatially located as presented in Fig. 4.9. The 

adjacent voxels can have any depolarizing and re-polarizing state compared to the initial 

volume. Hence, a simulation will be applied in an attempt to estimate the magnetic field 

contribution and the spatial effect that can be applied. 
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Figure 4.9 Visual representations of 9 symmetric voxels. The orientation of the given 

voxels will provide a means for calculating the spatial edge effect on the voxel at the 

origin due to the adjacent surrounding voxels 1-8. 
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Chapter 5  

Results 

 

 

 
5.1 Evaluation of the Axon and Dendrite Field-Phase Contribution  

 The intitial simulations have been performed to estimate the magnetic field from a 

single dendrite and axon. The length of the dendrite was estimated as 0.3 µm with a 

diameter of 0.2 µm [12]. The length and diameter of the axon were estimated as 0.3 mm 

and 10 μm, respectively [20].The current was treated as a constant in which the 

maximum intracellular current for the dendrite and axon was 0.1 nA and 5 nA, 

respectively [4, 8]. The respective equivalent current dipole (ECD) values can be 

calculated with Eq. 5.1 [4]. 

Q = I(L)      (5.1) 

In Eq. 5.1, I is the current along the dendrite or axon, and L is the length of the dendrite 

or axon. The maximum ECD for the dendrite and axon was calculated as 

3x                       . In both cases, the maximum number of observation 

points that lie within a 1     volume was sampled at 1,904 points in the z direction. The 

resultant z component of the magnetic field which is parallel to the static magnetic field 

of the dendrite and the axon are presented in Figs. 5.1 and 5.2. A contour plot is provided 

to visualize the spatial extent from a single dendrite and axon.  

 



54 
 

 
Figure 5.1 Magnetic field plot of a dendrite in a voxel volume of      undergoing a 

firing sequence. 

 
Figure 5.2 Magnetic field plot of an axon in a voxel volume of       undergoing a 

firing sequence. 
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From Fig. 5.1, the maximum fields provided by the maximum current for the dendrite 

and axon result in 0.485 pT and 5.3 pT, respectively. The axonal magnetic field is much 

larger than that of a dendrite because it is longer, has a greater radius, and can conduct a 

larger current. The axonal magnetic field depends on the membrane diameter and speed 

of the potential propagating through the axon [4]. The speed of an action potential 

through an axon is 1 m/s [8]. The duration of the signal of the axonal magnetic field due 

to the conduction speed in the axon lasts for approximately 0.3 ms. In a 1     voxel 

with a density of axonal distribution is 15,000 axons/    [20]. The signal duration due 

to the axon will last 0.3 ms. The signal duration from an axon is to brief image any 

effects in a TE time of 10 ms imaging sequence [8]. For an MRI echo pulse sequence, the 

overall effect due to the axon depolarization will not be detectable in the image [22]. In 

light of this, all future calculations will only consider the effects due to the dendritic 

magnetic fields. 

Similar to a clinical test, a time echo sequence with a duration of 10 ms is then 

applied [8]. The simulated echo sequence is applied in sync with the depolarization of the 

dendrite. The duration of 10 ms was selected with the assumption that the period of the 

magnetic field effect would reside in the duration of the imaging. The application of Eq. 

4.9 resulted in the estimation of the phase calculation during the 10 ms period of time 

presented in Fig. 5.3. 
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Figure 5.3 Additional Phase plots due to the magnetic field from a single dendrite. The 

effect estimated was taken during a TE period of 10 ms. Red indicates a maximum and 

blue indicates a minimum value. 
 

From Fig. 5.3, the maximum phase contribution from a single dendrite during a 10 ms 

time echo sequence is 4.7x     rad or 2.7 x      . In frame 1, the maximum added 

phase was calculated as          or     ˚. Hence when dealing with a single dendrite 

the individual maximum phase is on the order of     ˚ . The order of magnitude for the 

1 2 

3 4 
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phase corresponds to a maximum field on the order of pT during an imaging sequence of 

10 mS.  

In frame 3 of phase vs theta, the phase contribution begins to taper off in respect to 

the maximum phase taken at    of the magnetic field. Frame 3 plots the phase 

contribution radially around half of the dendrite along the x-axis. The depolarization and 

the re-polarization effects occur at different times in the sequence and are considered in 

the calculation presented together in frames 3 and 4.  

5.2 Evaluation of Two Dendrite System 

In the two dendrite system, it is necessary to understand the spatial effects, the spatial 

tapering  effects, and the intracellular current states that occur during a TE time of 10 ms. 

These different effectors result in the variance of the field and phase. The first point of 

interest is the tapering effect from the dendrites. The dendrites begin to taper into 

synapses. Here the dendrites are simulated as symmetrical cylinders which do not take 

the tappering into effect. In Fig. 5.4, the rectangular regions between the ellipsoids 

represent the cylindircal dendrite orientation tapering into a 0.2 mm synapse [20]. The 

ellipsoides represent the symetrical separation of the dendrites in voxel volume layer. In 

chapter 4, it was stated that the tapering contribution can be estimated by the overlay of 

another dendrite into the cleft. This is represented as an empty void between ellipsoids 

circled in blue with a dark blue contour in Fig. 5.4. 
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 Figure 5.4 Visual representation of dendrite orientation in frame 1. Frame 2 

 represents the tapering where the intersection is to take place. 
 

 The overlaid dendrite magnetic field into the void will cause a contribution to the 

adjacent dendrite. In order to estimate that contribution,  the resultant net magnetic field 

is calculated from the magnetic field from the intersection of a dendrite with the volume 

of an ellipsoid taken out, and added to the field of a normal dendrite. The normal dendrite 

is located along the rectangular volume in Fig. 5.4, along side the intersected dendrite 

colored in blue in frame 2. The contribution is approximated by rotating the overlaid 

intersected dendritic field from        of rotation about the z axis through the 

stationary dendritic magnetic field. This is an approximation because the model is 

assuming a perfect ellipsoidal empty volume modeled by the mathematical equation of 

Frame 1 

Frame 2 
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         Here j and h are the radii [23]. The k term is the polar radius 

along the z spatial component [23].  The value for j is equal to 0.3 µm, the length of a 

dendrite. Also h and k were given a maximum value of 0.1     The values x, y, and z are 

the spatial points that are taken in the voxel volume for the origin in which the empty 

space will be plotted. In reality there are many variations in the dendritic tapering 

together of two dendrites [20]. However, to estimate an order of magnitude for the 

intersetion for the tapering, the intersection of an ellipsoid will be used. Using Eq. 4.10 

and 4.11 and taking the intersection provides an estimation for the resultant field 

contributions presented in Fig. 5.5.  

 



60 
 

 
Figure 5.5 Estimation of magnetic field due to dendrite tapering. Frame 1 Dendrite in 

normal orientation undergoing a firing sequence in 10 ms. Frame 2 Magnetic Field of 

tapering Intersection and normally oriented adjacent dendritic magnetic field.  
 

 The maximum field contribution from the section of the void, in which the 

intersection of the dendrite is taken, is calculated during the time when it is undergoing a 

synchronus depolarization up to a maximum current of 0.1 nA. The maximum increase 

that the tapering intersection can provide to the resultant magnetic field presented in Fig. 

5.5 frame 2 is on the order       T. The maximum field of a single dendrite presented in 

Frame 1 Frame 2 
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section 5.1 was approximately on the order of magnitude of       T. In this 

approximation, the tapering effect of the dendrites will not be considered during our 

future calculations. Hence, the model will assume that the dendrites will have a 

symmetrical orientation within a volume layer of dendrites that will not consider the 

tapering effect. 

 The next point of interest is the net resultant magnetic field and phase due to the 

different orientations of two adjacent dendrites. Equation 4.10 allows the manipulation of 

multiple dendrite magnetic field vectors in many different orientations. Equation 4.11 

provides a method for the rotation of one dendrite with respect to another. A visual plot 

of noninteracting dendrite in multiple rotations is provided in Fig. 5.6.  

 

Figure 5.6 Visual Aid for the resultant noninteracting magnetic fields due to multiple 

dendrite rotations. 
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Combining the vector magnetic fields of two dendrites spatially seperated by 0.001 

mm and the proper rotation matrices allows the calculation of multiple orientations of 

neuron seperation. In order to estimate the maximum field and phase, rotations of the two 

dendrite model are taken along the x-y plane from    to 360
0
. Synchronous 

depolarization and repolarization are assumed in order to estimate the maximum effect. 

The resultant magnetic fields of a sample of calculations are plotted in Fig. 5.7 with 3,808 

data points per plot.  
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Figure 5.7 Sample of the resultant magnetic field of two dendrites separated by 0.001mm. 

One dendrite is held constant while the adjacent dendrite is rotated. 
 

The maximum resultant magnetic field from the all x-y rotations is 1.8x      T 

which occurs at    of rotation. The phase calculations are performed with Eq. 4.9 and the 

resultant magnetic fields taken over an echo period of 10 ms. The maximum phase that 

can be expected is 5x    degrees. 

The last point of interest in the two dipole model is the resultant effects that can occur 

if the neuronal firing is non-symmetric during  the TE of 10 mS. The different current 
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states cause a shift between the parallel and antiparallel states which cause a variance in 

the resultant magnetic field. The intracellular current is varied between ±0.1 nA during 

the 10 mS sequence, the geometrical orientations of the dendrites are held constant,  and 

they are seperated by 0.001 mm along the y axis.  

Varying the current for one dendrite and rotating it in respect to the other, during each 

increment of 0.1 mS, results in 38,0398 different possible states. Hence, any one of these 

states will fall in the data presented in Fig. 5.8. In an actual neuronal firing sequence, a 

conduction between neurons will occur. From Fig. 5.8, the maximum field that can be 

expected for two dendrites is on the order of magnidute of       Tesla with a maximum 

phase of     degrees. 
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Figure 5.8 Resultant magnetic fields for two dendrites in all possible rotational and PSP field shift 

states. Red indicates a maximum value and blue indicates a minimum value. 

 

5.3 Neuronal Volume Layer  

The estimation of the magnetic field generated by a layer of dendrites in a 1mm x 

1mm x 1.2x     m volume is carried out using Eq. 4.10. Here the typical base of the 

voxel is calculated as 1mm x 1mm. The maximum spatial extent into the z component is 

taken as 1.2x     m. For this simulation it was assumed that the diameter of the 

cylindrical dendrite is 0.2 µm and the dendrite spacing into the z axis is .101 mm. The 
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volume generated will contain a single volume layer of dendrites that are in a uniform 

parallel state. 

During the initial calculation, it is assumed that the dendrites are undergoing 

synchronous firing in order to estimate the maximum field generated. In the initial 

construction of the volume layer of dendrites, spacing in the x and y directions are taken 

as 3.5 mm and 0.1 mm, respectively. The calculation will first consider a group of 

approximately 50 dendrites. The resultant magnetic fields are presented in Fig. 5.9. 
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Figure 5.9 Resultant magnetic fields of 50 dendrites undergoing synchronous firing during a TE 

of 10ms. 

 

According to Fig. 5.9, the maximum field of the depolarization is  1.4x     T. To 

obtain the maximum resultant magnetic field effect of a single volume layer of dendrites,  

a detailed plot of the resultant magnetic field due to the depolarization wave during the 

TE time will be considered.  The resultant magnetic field is presented in Fig. 5.10. 
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Figure 5.10 Resultant magnetic fields due to the depolarization in a single volume layer of 

synchronous firing in 50 dendrites during a TE 10 ms. 

 
 

Increasing the y axis spacing to 0.01 mm results in the imaging of approximately 500 

dendrites as shown in Fig. 5.11. Therefore, according to the figure, the resultant 

maximum magnetic field is 7.1x      T. 
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Figure 5.11 Resultant magnetic fields due to the depolarization in a single volume layer 

of synchronous firing in 500 dendrites during a TE 10 ms. 
 

Increasing the x axis seperation to 0.35 mm results in the calculation of net magnetic 

field of approximately 3,000 dendrites. The maximum magnetic field shifts up an order 

of magnitude to 9.2x      T. The magnetic field is plotted in Fig. 5.12. 
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Figure 5.12 Resultant magnetic fields due to the depolarization in a single volume layer of 

synchronous firing in 3,000 dendrites during a TE 10 ms. 

 

In the final stage of the calculation for dendrite layer, the actual seperation values for 

the human cortex are used. The seperation in the y-axis corresponds to 0.001mm and the 

x seperation roughly corresponds to 0.2 µm. The action potential is assumed to enter in 

the x axis and conduct along the layer of dendrites in the echo time of 10 mS. During the 

echo time the magnetic field vector sweeps through the voxel changing its states from 
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antiparallel to parallel. The sweeping of the magnetic field corresponds to the 

repolarization and depolarization of the dendrite along the voxel layer. Fig. 5.13 presents 

a sample of calculations of the sweeping approximation of the dendritic magnetic field 

due to the neuronal firing in the time ranging from 1 ms to 10 ms in 1.4 ms increments.  

 

Frame 1 
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Frame 2 

Frame 3 
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Frame 4 

Frame 5 
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Figure 5.13 The resultant magnetic field generated by the conduction of the neuronal 

current through a single volume layer of 4,545 dendrites during a TE of 10 ms taken in 

time steps of 1.4 ms. Frame 1 is taken at 1.4 ms, and is increased by a time of 1.4 ms in 

each following frame. Frame 7 is taken at 10 ms.  
                                          

 

Frame 6 

Frame 7 
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In the frames of Fig. 5.13 above, one can observe a shift in the amount of time 

between the depolarization wave and the repolarization wave. The distance of seperation 

is caused by the conduction of the intracellular current through the dendrites. The signal 

that will be generated by the dendrites will not have a rapid repolarization current [22]. 

The reason  for this effect is that the magnetic field of the falling depolarization edge in 

the previous dendrite spatially adds to the magnetic field of the increasing repolarization 

edge. This causes a spatial delay of the oncoming repolarization field. The negative 

repolarization field is being reduced by the falling edge of the depolarization field as it 

conducts. In the imaging sequence time of 10 ms, the delay provides enough spatial 

seperation time for components of the depolarization magnetic field to be imaged. In Fig. 

5.13, the depolarization current is assumed to be in its intial stage as the imaging 

sequence is intitiaed.  However, in reality the intitial current state may be in any 

configuration at the intitial stage of the imaging sequence. The different initial current 

conditions will be taken into account in section 5.4 when estimating the magnetic field, 

phase, and signal contribution of a single 1    voxel volume. 

The maximum magnetic field that a volume layer of dendrites taken from a 1     

voxel can produce is approximately 7.2x      T as shown in Fig. 5.14. The field due to 

the overall depolarization that has swept through the layer is presented in Fig. 5.14. 
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Figure 5.14 The resultant magnetic field due to depolarization of a synchronous firing 

through 4,545 dendrites in a single volume layer during a TE of 10 ms. Red indicates a 

maximum value and blue indicates a minimum value. 
 

The calculation of the phase is performed by applying Eq. 4.9 to the depolarization of 

the single volume layer. The layer is assumed to have undergone depolarization along the 

symmetrically translated 4,545 dendrites residing within a volume of 1mm x 1mm x 

1.2µm.  The simulation is presented in Fig. 5.15. According to this calculation, the 
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maximum phase shift added to the MRI signal due to a single volume layer is 

approximately 1.4 x       during a TE of 10 ms. 

Figure 5.15 Added phase shift due to the magnetic field of a single volume layer of 

dendrites during a TE of 10 ms. Red indicates a maximum value and blue indicates a minimum 

value. 
 

5.4. Computation of Neuronal Effect in a 1    Activated Voxel 

The full field effect in a complete voxel volume of 1    need to be estimated in 

order to simulate a realistic volume in the human cortex. The simulation must correspond 

to the realistic voxel volume of the cortex. This is accomplished by locating one voxel 
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volume layer of dendrites at the origin, and then replicating multiple voxel volume layers 

of dendrites along the spatial z axis. Each voxel volume layer is incrementally located 1.2 

µm above the preceding voxel volume layer. The replication is continued until the 

maximum height of 1 mm is reached. The magnetic field from the total amount of the 

dendritic layers is evaluated by applying Eq. 4.10 to every dendrite, in every layer of the 

total voxel volume.  The spatial values of each dendrite layer occurred at intervals of 1.2 

µm resulted in approximately 834 layers in the total volume.  

The procedure mentioned above provided a means for the voxel construction. The 

magnetic field generated by the dendrites was then estimated under the synchronous 

firing of the action potentials sweeping across the voxel over a TE time of 10 ms. Several 

samples of multiple simulations with varying initial current states are provided in Fig. 

5.16 through 5.19. In these figures, the field, phase, phase change, and relative magnitude 

changes are presented. From Fig. 5.16, the maximum magnetic field that a voxel of 1 

    can generate is 1.16 x       , and a maximum phase is 2.32 x      rad. The 

maximum positive phase change is calculated by subtracting 0.002 radians from the 

maximum phase. The result for the maximum phase change is 3.2 x         .  The 

relative percent change in the signal from the minimal signal detectable range is 0.023%. 

Therefore, for a given voxel with synchronous depolarization, the detectable signal will 

spatially increase by 0.023%. This increase is imaged as if the precessing magnetization 

vector were increased by 0.023%. 

 



79 
 

Figure 5.16 Depolarization of 0.1nA in each dendrite in 1     voxel over a TE 10 ms. Red 

indicates a maximum value and blue indicates a minimum value. 
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Figure 5.17 Depolarization current of 0.01 nA in each dendrite in each dendrite in 1      

voxel over a TE of 10 ms. Red indicates a maximum value and blue indicates a minimum 

value. 
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Figure 5.18 Re-polarization simulated with -0.08 nA in each dendrite in 1    voxel 

over a TE 10 ms. Red indicates a maximum value and blue indicates a minimum value. 
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Figure 5.19 Re-polarization simulated with -0.1 nA in each dendrite in 1    voxel over 

a TE 10 ms. Red indicates a maximum value and blue indicates a minimum value. 
 

 It is of importance to know how the simulated voxel will proceed during all stages of 

its firing sequence. These values have been compiled into Fig 5.20. In Fig. 5.20, the 

relative phase changes and signal changes were calculated for each maximum state of 

each individual sequence. Then the corresponding phase, phase change, and relative 

percent signal change were plotted. The relative phase change in frame 4 has been 
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calculated. Each signal point created by the neural firing has been subtracted by the 

minimal detectable signal generated by a phase of 0.002 rad.  

 

 
Figure 5.20 Total computation of the effect in 1     Voxel over TE of 10ms. Red 

indicates a maximum value and blue indicates a minimum value. 
 

The maximum positive phase change was calculated as 0.3 x      rad using the data 

shown in frame 3. The reason for the small change is that the vast majority of the field 

created by the volume of dendrites only reaches a maximum of 1.16 x      T. The 

1 

4 3 

2 
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minimum detectable magnetic signal by an MRI system is on the order of magnitude 

       2a.  The magnetic field of the system is just able to reach above the limit into the 

detectable range. The difficulty in imaging neuronal current is that the timing of the onset 

of a sequence has to correspond to just the right parallel state of firing in the dendrites.  

 In the simulation, the net magnetic field can reach above the minimal detectable 

range. Hence, the full number of dendrites in the volume is not necessary in order to 

image.  A synchronous depolarization and re-polarization wave is fired across the voxel 

as presented in Fig. 5.20 of this section. As the wave travels through the voxel it activates 

the dendrites in the volume. As stated before, the dendrites are in symmetrical states in 

the volume. The depolarization wave is the point of interest because the net positive 

magnetic field passes through the minimal detectable range there. In order to image the 

depolarization wave, it has to activate a certain number of dendrites so that it can create a 

large enough magnetic field for imaging. The minimum number of dendrites required for 

this model is 3.22 x    . The data for the depolarization are presented in Fig. 5.21. 
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Figure 5.21 Magnetic Field Generated vs. Number of Dendrites in a Voxel during a 

synchronous firing sequence during a TE of 10 ms.   
 

 In the near future, it is assumed that, as technology limits will decrease, the 

minimal detectable range for MRI will increase. In this assumption, it is necessary to 

present the total percent signal change of the MRI signal when no detectable limit is 

taken. The initial signal from the normal operation of MRI is taken as    = 1 [8]. Hence, 

the added phase components due to neuronal currents will result in a maximum signal 

increase of 0.228%. The data are presented in Fig. 5.22. 
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Figure 5.22 Percent change of the signal from each firing state in one voxel of dendrites 

taken from    = 1, No rotation, synchronous firing sequence in 10 ms. Red indicates a 

maximum value and blue indicates a minimum value. 

 

5.5 Calculation of Separation and Rotation of Activated Voxel 

In the cortex of the cerebrum, there are many complex neuronal orientations. This 

simulation will consider the effects that arise due to multiple dendrite orientations. The 

number of dendrites residing within the voxel is on the order of    . The necessary time 

taken to estimate the effects for individual dendrite rotations resulting in the calculations 
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of the field, phase, and signal would take an exceedingly long amount of computational 

time. For example, if the increments for each rotation were taken as one degree in the 

range of   to 360˚, each dendrite would have 360 states of orientation. In the simulated 

voxel, there are roughly 4 x     dendrites. The overall calculation for each degree of 

orientation would have 7.2 x     combinations. Roughly, taking each current state from  

-0.1 nA to 0.1 nA in increments of 0.01 nA, would result in 1.44 x      different 

combinations. The amount of computing time needed to perform such calculations with 

current technology would take many hours of rendering. These calculations would be 

unnecessary because an approximation of taking the rotations by layers can be made in 

order to estimate the overall effect.  

The simulation of the voxel can be broken down into several sections to estimate the 

effect due to the rotations of multiple volume layers. Each section would correspond to 

134 layers of dendrites. These sections are presented in the frame 1 of Fig. 5.23. In this 

calculation, the rotations were selected to be    ,    ,     ,     ,     , and      [4]. 

Each section would undergo a synchronous dendrite firing along their individual 

orientations during a 10 ms time. A sample of the calculations is presented in Fig. 5.23 

through Fig. 5.26.  In these figures, the relative phase change is taken from the minimal 

detectable value of 0.002 rad. The percent relative signal change is taken from the 

minimal detectable signal at 0.002 rad over the spatial volume of 1    . The relative 

percent signal change becomes negative when the individual current begins to fall. The 

resultant magnetic field and phase decrease when the individual current decreases. The 

magnetic field and phase begin to drop well below the detectable limit. The reason for 

this behavior is that the resultant magnetic field due to the re-polarization current over the 
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firing sequence reduces the net positive depolarization of the magnetic field. The 

reduction is presented in frame 2 of Fig. 5.23 through Fig. 5.26. 

 

Figure 5.23 Each dendrite at synchronous firing at 0.1 nA with six sheets rotated at 45, 

90, 135, 180, 220, and 270 degrees. Red indicates a maximum value and blue indicates a 

minimum value. 
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Figure 5.24 Each dendrite at synchronous firing at 0.05 nA with six sheets rotated at 45, 

90, 135, 180, 220, and 270 degrees. Red indicates a maximum value and blue indicates a 

minimum value. 
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Figure 5.25 Each dendrite at synchronous firing at -0.03 nA with six sheets rotated at 45, 

90, 135, 180, 220, and 270 degrees. Red indicates a maximum value and blue indicates a 

minimum value. 
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Figure 5.26 Each dendrite at synchronous firing at -0.02 nA with six sheets rotated at 45, 

90, 135, 180, 220, and 270 degrees. Red indicates a maximum value and blue indicates a 

minimum value. 

  

The overall effect of the total depolarization and re-polarization field waves is 

presented in Fig. 5.27. The maximum field that can occur under these rotations is 1.07 nT 

and it is presented in the frame 1 of Fig. 5.27. This corresponds to a change of 

approximately 9 x       T from the symmetrical state calculated in the frame 1 of Fig. 

5.20. The trend continues as the field decreases. The effect of the PSP field shifting will 
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be estimated in section 5.6. The maximum phase that can occur under these rotations is 

0.00214 rad presented in the frame 2 of Fig. 5.27. This results in a 1.4 x      rad 

decrease from the ideal case as presented in Fig. 5.27 frame 2. The maximum relative 

phase change taken from the minimal detectable range of 0.002 rad is 0.09 x          as 

presented in Fig. 5.27 frame 3. This approximately corresponds to a 2x         decrease 

from the ideal state as presented in Fig. 5.20 frame 3. The maximum relative percent 

signal change is approximately 0.02% as presented in Fig. 5.27 frame 4. This is a 0.003 

% change from the ideal case found in Fig. 5.20 frame 4. Figure 5.27 represents the 

calculations of an arbitrary rotational volume layer state of a voxel that is in between the 

maximum ideal state and the minimum rotational state.  
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Figure 5.27 Total Computation of Neuronal Effect in 1     Voxel of six sections 

grouped into 134 sheet, rotated at 45, 90, 135, 180, 220, 270 degrees, and 

 over TE of 10 ms. Red indicates a maximum value and blue indicates a minimum value. 

 

The previous simulation provided the estimation of the effects of arbitrary rotations 

relative to the symmetrical case of section 5.4. It is desired to estimate the rotational 

states that will provide the lowest magnetic field, phase, and signal contribution.  The 

maximum effect can be calculated with the maximum amount of dendrite spatial 

separation that is caused by the maximum rotation angle in the respective ascending 
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layers. The geometry of the maximum separation of the six sections will result in 

respective rotations that are increased in increments of      Hence; the selected angles 

are                              , respectively. The rotations will correspond to the 

maximum net loss in the magnetic field for a synchronous depolarization and re-

polarization due to the conduction of the intercellular current. The maximum separation 

will cause the maximum net loss in the magnetic field. This is because only the very 

minimum amount of the resultant z components from the net magnetic field of each 

section will be added together from the ascending layered sections in the volume. A 

sample of the results is plotted in Fig. 5.28 through Fig. 5.30.  
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Figure 5.28 Each dendrite at synchronous firing at 0.1 nA with six sheets rotated at 0, 60, 

120, 180, 240, and 300 degrees. Red indicates a maximum value and blue indicates a 

minimum value. 
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Figure 5.29 Each dendrite at synchronous firing at 0.05 nA with six sheets rotated at 0, 

60, 120, 180, 240, and 300 degrees. Red indicates a maximum value and blue indicates a 

minimum value. 
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Figure 5.30 Each dendrite at synchronous firing at -0.03 nA with six sheets rotated at 0, 

60, 120, 180, 240, and 300. Red indicates a maximum value and blue indicates a 

minimum value. 

 

The overall effects are plotted in Fig. 5.31.  According to the calculations, the 

maximum field is 1.067 x        as shown in the frame 1 of in Fig. 5.31.The maximum 

phase over the spatial volume is 0.002134 rad and it is plotted in the frame 2 of Fig. 5.31. 

The maximum phase change from the minimal detectable range is 1.34 x      rad as 
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shown in the frame 3 of Fig. 5.31. The maximum relative percent signal change from the 

minimal detectable range is 0.013% taken from Fig. 5.31 frame 4. 

 
Figure 5.31 Total Computation of Neuronal Effect in 1     Voxel of six sections 

grouped into 134 sheets, rotated at 0, 60, 120, 180, 240, and 300 degrees. The data were 

taken over a TE of 10 ms. Red indicates a maximum value and blue indicates a minimum 

value. 
 

In the model corresponding to the data in Fig. 5.31, the rotations of the layers provide 

the maximum detectable field for the largest variation in the orientation for the dendrites 

Frame 1 Frame 2 

Frame 3 Frame 4 
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in the voxel volume. It is of interest to estimate the minimum number of dendrites 

necessary to detect a change in MRI. As mentioned before, a synchronous firing 

sequence occurs during 10 ms. Due to the rotations, the current is entering the volume 

layer sections of the voxel at angle increments of sixty degrees. The intracellular current 

is entering each section of the voxel at the same amount in the same amount of time. The 

minimum amount of dendrites that will meet the imaging limit is 3.56 x     according to 

Fig. 5.32. This is an increase of roughly 340,000 dendrites from the ideal case of section 

5.4.  
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Figure 5.32 Magnetic Field Generated vs. Number of dendrites in a six section rotational 

voxel states of 0, 60, 120, 180, 240, and 300 degrees. The synchronous firing sequence is 

taken during a TE of 10 ms. 

 

 In section 5.4, it was stated that as the technology limits decrease, the minimal 

detectable range for MRI will also decrease. In this assumption, it is necessary to present 

the total percent signal change of the MRI signal when no detectable limit is taken. The 

initial signal from the normal operation of MRI is taken as    = 1 [8]. Hence, the added 

phase components due to neuronal currents in the six section volume layer voxel rotated 
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in 0˚, 60˚, 120˚, 180˚, 240˚, and 300˚will result in a maximum signal increase of 0.217%. 

The data is presented in Fig. 5.33. 

Figure 5.33 Percent change of the signal from each firing state in one voxel of dendrites 

that is taken from a minimum signal of   =1. The volume is taken in six layer voxel 

sections. Each section is grouped into 134 sheets. Each section is rotated 0, 60, 120, 180, 

240, and 300 degrees. Multiple synchronous firing states are taken in a TE time of 10 ms. 

Red indicates a maximum value and blue indicates a minimum value. 
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5.6 Estimation of Voxel Calculations due to Intracellular PSP Field Shift  

The asynchronous firing during the 10 ms period results in an overall maximum 

magnetic field shift, phase shift, etc. The overall asynchronous firing will reduce the 

ability of MRI to image activated regions in the brain. This is because it will cause a 

decrease in the magnetic field. The decrease in the magnetic field is due to the reduction 

in the synchronous depolarization and re-polarization currents in the ascending volume 

layers of dendrites in the voxel. The greater the PSP field shift in the onset of a 

depolarization wave in the voxel, the less likely the resultant magnetic field will reach the 

minimal detectable range of the MRI scanner. Hence, the goal of these calculations is to 

estimate the maximum shift in the field that would result in signal detection.  

In order for us to make an estimation of the maximum detectable shift, separate 

simulations were conducted for multiple PSP field shift cases. First, we consider a 

spatially symmetrical alignment of the dendrites in the volume. During this simulation, 

the dendrite layers were not rotated. A sample plot of a PSP field shift of 78% for a two 

volume layer section (each section in this is equal to 417 layers of dendrites along the y 

component) is presented in Fig. 5.34. 
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Figure 5.34 The two section layered voxel (417 layers of dendrites per section) 

undergoing 78 % PSP field shift. 

 

The simulation of the PSP field shift for the symmetrical two section voxel was 

performed during the TE time of 10 ms. The total effect of multiple PSP field shifts in the 

voxel is plotted in Fig. 5.35. 
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Figure 5.35 Resultant values of PSP field shifting in a two section layered voxel (each 

section is grouped in 417 layers). Red indicates a maximum value and blue indicates a 

minimum value. 

 

In this simulation, the minimum PSP field shift that can be imaged with the current 

technology limit of 1 nT is presented in frame 1 of Fig. 5.35. According to that frame, the 

minimum detectable magnetic field occurs at a minimum PSP field shift of 18%. Any 

greater increase in the PSP field shift than 18% will not yield a detectable image for the 

symmetrical dendrite voxel. 

Frame 1 Frame 2 

Frame 3 Frame 4 
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It is necessary to consider the effect that PSP field shifting would have on a voxel 

whose dendritic layer orientations would cause the smallest field possible for the model. 

In section 5.5, the orientation that presented the minimal field for the model was 

determined to occur when the voxel was broken into six section of 134 volume layers 

rotated at angles   ,    ,     ,     ,     , and     . The data for the PSP shifting of 

the six section rotational voxel are presented in Fig. 5.36. 
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Figure 5.36 Resultant Values of Field Shifting in 1    Asymmetrical Voxel sections 

rotated at angles 0, 60, 120, 180, 240, and 300 degrees. The data was taken over a TE 

time 10 ms. Red indicates a maximum value and blue indicates a minimum value. 

 

According to frame 1 of Fig. 5.36, the minimum detectable field occurs when the 

field shift is at 13%. The orientations of the sections have resulted in a field change from 

the ideal case by approximately -5%. This means at this given state, if the current shift is 

more than 13%, the activated region of the simulated cortex can't be imaged. 

 

Frame 1 Frame 2 

Frame 3 Frame 4 
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5.7 Estimation of Field Edge Effects of Adjacent Voxels 

 

In the simulation of the eight voxel edge effect, it was estimated that the adjacent 

voxels can contribute to the net magnetic field of the voxel volume at the origin. In 

section 4.6, it was determined that eight adjacent voxels were necessary to calculate the 

edge effects on a voxel located at the origin. The orientation of the eight voxels around 

the original one is provided in Fig. 5.37.  

 
Figure 5.37 Orientation of nine Voxels. The voxel at the origin will be used to estimate 

the edge effects due to the adjacent voxels.  
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The symmetrical orientation provided in section 5.4 for the non-rotational volume 

layer voxel model was applied to the nine voxel model. The spatial separation of the 

voxel at the origin to the adjacent voxel was taken as the spatial separation distance of 

two dendrites at a synapse. The spatial separation due to the synapse of two dendrites is 

0.2 µm [20].  Between each voxel, a separation of 0.2 µm was used. Each voxel was 

modeled as it is undergoing a synchronized firing sequence. One of the multiple 

simulations is presented in Fig. 5.38. 
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Figure 5.38 Resultant magnetic field of one simulation of nine voxels. All undergoing 

synchronous firing in a TE time of 10 ms. The voxel at the origin is undergoing 

synchronous firing starting at a current of 0.1nA. Starting at the bottom right corner for 

each frame and moving clockwise, Voxel 1 current is at 0.001 nA, voxel 2at 0.003 nA, 

voxel 3 at 0.0045 nA, voxel 4 at 0.005 nA, voxel 5 at 0.06 nA, voxel 6 at 0.05 nA, voxel 

7 at 0.005 nA, and voxel 8 at 0.05 nA. 

 

When all of the voxels were in synchronous firing, the maximum field of 1.16 nT was 

consistent over the entire image of the original voxel. The magnetic field consistency of 

1.16 nT along the edge can be neglected because any decreasing magnetic field due to the 

adjacent voxels will only cause a decrease in that adjacent voxel and not the voxel at the 
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origin. Hence, any edge effects on a voxel can be neglected because the spatial extent of 

the magnetic field of any adjacent voxel is too small to consider, which can be seen in 

Fig. 5.39. In Fig. 5.39 the maximum field of all of the field contributions never exceeds 

1.16 nT, which is the maximum field of a single voxel.   

 

Figure 5.39 Resultant magnetic fields due to nine voxels. The x and y axis provide the 

spatial scale. The color contour provides the value of the magnetic field given by the 

color bar legend on the right hand side of the diagram. The graph depicts eight voxels 

surrounding the one at the origin. 

 

Tesla 
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Chapter 6 

Discussion and Conclusion 

 

 

 
The detection of neuronal currents in the activated areas of the cortex is a complex 

process. The process by which the currents can influence the MRI image is well 

understood [22]. However, when the neuronal firing sequence is applied to the dendritic 

volume, the spatial and temporal integration on the spatial extent of the voxel due to the 

conducting action potential causes an effect on the phase and signal magnitude that is not 

well understood [12]. There is no currently available technique to detect these very small 

changes in the induced magnetic field. The answer to the feasibility of imaging the 

neuronal current from the cortex is still under debate [9].  

Important steps taken in the forming of a solution require multiple simulations of the 

dendritic tree within a voxel. Many previous simulations where the dendritic volume was 

modeled with a cylindrical geometry have presented data that range from as high as a 5% 

change in the signal magnitude, to as low as a 0.2% change in the signal magnitude 

[3, 7]. The initial value for   , which can be called the signal due to the spin density 

function, was set at a value of 1. For a given time the value for    due to the precession of 

the multiple magnetization vectors is not known. The reason for this is because in a 

theoretical model there is no method for predicting the actual state of the multiple protons 

residing in the cortex. The deviations in the actual structure of the cortex are what will 

determine the relaxation times of the magnetization vectors described in Chapter 2. In 

addition, the total signal percent change taken from      provides no estimation on the 
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ability of the neuronal firing to reach the minimal detection range. What is known and 

established is the minimal detection range for the MRI. The detectable minimum range 

for MRI is 1 nT which corresponds to a minimum phase of 0.002 rad [12]. The relative 

signal percent change was estimated by the simulated dendritic volume voxel signal from 

the minimum detectable signal due to the 0.002 rad phase described in Chapter 5. 

In this thesis, a model was developed to perform simulations that would incorporate 

the complex morphologies that occur within the cortex of the brain. A realistic simulation 

model of a dendrite volume in a human cortex was developed to estimate the feasibility 

of imaging neurons with MRI. In this model we can take into account the spatial and 

temporal characters that occur in the volume as the neuronal currents conduct through the 

medium. From the model we can account for the induced magnetic fields that result in a 

depolarization and re-polarization wave, induced phase dependencies, and the generated 

spatially dependent signal of the voxel. The morphologies include the physical properties 

that occur between neuronal communication via dendrites and the effects that take place 

in the signal detection during a TE of 10 ms. The approximation of the dendritic volume 

provided a direct means of calculating the resultant signal that could be detected from the 

minimal detection range of the scanner.  

All parameters in a model affect the calculated magnetic field from that model. 

However, in this approximation only one echo sequence was selected. Only one cycle of 

firing was selected for the estimation of the effects in the volume. The reason for these 

selections was derived from the main question of "can the neuronal effect be imaged?” In 

an attempt to answer this question, it was necessary to find the minimum detectable state 

using currently available technology.  
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The overall findings constitute the resultant magnetic field differences, phase 

differences, and signal changes. The differences pertain to the number of dendrites, 

geometries, PSP field shifts, and echo sequences. In short, the effects on the MRI signal 

change are due to the dendrite geometry, density of the dendrites in a 1     volume, and 

the firing sequence through each individual dendrite. 

6.1 Simulations of the Synchronous and Symmetric Dendritic Model 

The symmetric dendrite model was simulated where the current propagation through 

the model was taken with synchronous firing over the time of 10 ms. The realistic 

construction of the voxel consisted of 834 different layers of dendrites. Each dendrite 

with in a layer was limited to the geometrical spacing parameters of 0.001 mm and a 

synaptic spacing of 0.2 mm [20]. The length of each individual dendrite was 0.3 µm [12], 

with a diameter of 0.2 µm [7]. This resulted in approximately 4,545 dendrites in each 

layer. The total number of simulated dendrites in the voxel volume was approximately 

3,790,530. Each dendrite magnetic field component was modeled with 1,094 data points. 

 The current was then simulated as conducting along the x axis through the volume 

of the voxel in synchronous firing. The approximated time dependent symmetrical 

dendritic system was preferred over the models constructed by other researchers that 

considered only the net sum of all dendrites firing at the same time. That was because, in 

reality, the action potential conducts along the neurons. Many other research papers did 

not take the propagation time into account 2a. The result of this action is a gross 

overestimation of the dendritic magnetic field in a voxel that serves to only add to the 

confusion to the feasibility of neural imaging. Many of the previous simulations have 

been performed using this theoretical approximation [21]. Any membrane or extracellular 
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current effects were regarded as negligible contributions [2]. It was customary to consider 

the neuronal volume current instead of the individual dendrite current [8]. However, the 

past simulations could not, and did not, consider individual dendrites. This model has the 

ability to simulate the contributions by individual dendrites, and the resultant magnetic 

field due to the current layer conduction. The assumptions we made during this 

investigation are based on the fact that the applied intracellular current is passing through 

a homogeneous conductor [4]. 

The model of the synchronous and geometrically symmetric volume voxel can in fact 

be detected under the right circumstances. During the echo time of 10 ms the dendritic 

firing/neural firing will affect the de-phasing of the proton spins that will change the 

generated MRI signal. However, the amount of detectable change is based on the number 

of neurons firing. In order to image the voxel under these conditions, the minimum 

number of dendrites undergoing the firing sequence must approximately be 3.22 x    . 

The simulated value for the order of magnitude agrees with other theoretical models 2a. 

The maximum field of 1.16 x      T can be detected over the voxel volume of 1    

during the TE time of 10 ms. Within the cortex of the brain, the resultant magnetic field 

is on the order of magnitude of      T [9]. The re-polarization wave is tapered off during 

the sequence giving rise to the asymmetrical re-polarization of the voxel [22]. The 

maximum phase that is calculated over the voxel is estimated to be 2.32x     rad. This 

result agrees with previous findings. The maximum phase change from the minimal 

detectable phase was 3.2 x         , which is in agreement with past experiments [4]. 

However, the relative maximum detectable percent signal change from the minimum 

signal to the detectable phase of 0.002 rad was estimated to be 0.023%. When the 
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detectable range was ignored and the initial signal due to the precession of the 

magnetization vectors was treated as     1, the maximum percent signal increase to the 

MRI image was calculated as 0.228% [2]. The maximum percent signal increase would 

approximately be on the order of magnitude 0.1% [6].  

The slow dendritic current that the total volume signal generated did not suffer from 

the rapid depolarization and re-polarization signals that a single dendrite model suffered 

from. The re-polarization wave tapered off and provided a longer extent for the 

depolarization wave to persist. The reason for this was due to the falling edge of the 

depolarization magnetic field of the dendrites adding to the net re-polarization magnetic 

field edge of the initial conducting dendrites. Hence, under the right conditions of the 

sequence the maximum contribution to the overall signal of MRI in a 1     voxel will 

only increase by 0.228% and 0.023% above the detectable range.  

6.2 Simulations of the Synchronous and Nonsymmetrical Dendritic Model 

Assumptions in the model, described in the previous section, led to a simple spatial 

configuration of dendrites in the volume. In reality, the neuron/dendrite configuration in a 

voxel is much more complex. However, regardless of geometric orientation the 

approximate number of dendrites will remain the same, and in the same density. Multiple 

simulations were performed with various rotational structures for the dendrites. The 

maximum effect on the phase occurred when the six sections residing in the voxel with 

834 layers of dendrites were rotated by 60
˚
 with respect to the preceding section. 

However, the resultant effect was small since the total number of dendrites remaining in 

the volume was approximately constant at 3,790,530 as described in section 6.1. The 

maximum magnetic field that the orientation could produce during a synchronous firing 
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over the volume was 1.07x     T.  This means that as long as the dendrites are 

undergoing a synchronous firing, and that their density remains roughly consistent, the 

voxel can still be imaged.   

In this simulation, the total number of active dendrites needed to detect the signal   

has changed from 3.22 x     because of the largest spatial separation in the voxel. The 

total minimal number of dendrites needed for detection was estimated to be 3.56 x    , 

presented in Fig. 5.32. The simulation provided us with the maximum phase of 0.00214 

rad and a maximum relative percent signal change of 0.013% from the minimal 

detectable signal presented in Fig. 5.31. When the detectable range was ignored and the 

initial signal was treated as     = 1. The maximum percent signal increase to the MRI 

image was calculated as 0.217% presented in Fig. 5.33. Roughly, the phase and the signal 

remained in the same order of magnitude as the values of the spatially symmetric dendrite 

model. These figures agree very well with the data in the literature [24].  

6.3 Simulations using the PSP Field Shift and Symmetrical Dendritic Model 

 

The asynchronous firing during the 10 ms period hampered our ability to image the 

given volume. Shifting the start of the onset of one section relative to the other will cause 

a decrease in the net magnetic field. The asymmetry of the depolarization and the re-

polarization current causes a variable shift in the magnetic field in both of the sections in 

the voxel. Hence, due to the time delay, the onset of the constructively added 

depolarization and re-polarization magnetic field is decreased. In short, the greater the 

field shift, the less time there will be between the depolarization wave and the onset of 

the re-polarization wave. The PSP field shift was simulated as conducting along the x 

axis, entering the same side of the voxel, entering at different times, and propagating over 



117 
 

a period of 10 ms. In this simulation, the maximum field shift that will still allow the 

voxel to be imaged resulted in 18% shift taken from section 5.6. In order to image the 

voxel, a maximum field shift of ≤ 18% relative to the synchronous state at 0% is needed. 

6.4 Simulations of the PSP Field Shift and Nonsymmetrical Dendritic Model 

 

In section 5.6, the effect due to multiple PSP field shifts in nonsymmetrical dendrite 

model was presented. The field shift was simulated by entering the current along the    

direction (rotational x axis) of the voxel. It was shown in Fig. 5.31 frame 1 that the 

maximum condition for the PSP field/current shift that would yield a detectable signal 

was 13% relative to the synchronous firing nonsymmetrical dendrite model. In order to 

image the voxel, a maximum current shift of 13% should occur in the nonsymmetrical 

dendrite model.  

6.5 Conclusion 

 

In this project the main goal was to find the minimum values for the number of 

dendrites, magnetic field, phase, and signal that would contribute to the overall success of 

imaging a volume voxel of dendrites. This project considered two situations. The 

maximum and minimum effect that a symmetric and asymmetric voxel can produce for 

imaging was calculated.  

In short, it is possible to image the neuronal activity given the right conditions. In 

reality, there may be many repeating action potentials passing through the voxel in a 

given period of 10 ms. The models that were constructed in Chapter 5 only considered a 

single cycle of 1 Hz. One Hertz was selected because it was the minimum number of 

cycles that could be modeled to provide the smallest magnetic field. In reality, the 

frequency for neuronal activity can be as high as 100 Hz [24]. The multitude would serve 
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to delay the re-polarization wave due to the magnetic field shift in multiple layers of 

dendrites and could cause an overall increase in the resultant total percent signal increase 

in an MRI image. According to this model, the field has the capability to add additional 

phases to the MRI signal with just one cycle of firing up to a 13% PSP magnetic shift in 

the firing sequence. The depth that MRI customarily takes is approximately 1-7 mm [14]. 

If the PSP current depolarization was shifted by 13% at 2 mm depth, the resultant field 

would be approximately be 2 nT, more than double for what is needed for the current 

technology standards. In short, it should be feasible to image a column of neurons in the 

cortex of the human brain. 

6.6 Future  

In this thesis, I have only considered the theoretical calculation of a 1 Hz cycle.  The 

project could be expanded to include multiple cycles of dendritic current. The project 

could then be applied to a clinical experiment to examine the excitatory pulse sequences 

that occur in the human cortex. The primary goal of this project was to develop a model 

to validate the neuronal current image with MRI. However, the model could be expanded 

into a multi-sequence and multi-slice imaging estimation. To date, the experimental 

feasibility of imaging neuronal current eludes researchers.   
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Appendix A 

 

 

 
A.1 Solutions to the Time Rate of Change of Magnetization Vector due to a Torque 

from an Applied External Magnetic Field  

 

The magnetization vector M = (        ) will precess around the vector direction 

of the static Magnetic Field B = (0, 0,  ) (which is along the z direction). The 

magnetization vector will precess due to the torque that is induced by the field which can 

be written 
  

  
 = γ(M  ) [15].   Taking the cross product precession gives rise to the 

component differential equations of  
   

  
 = γ       ,  

   

  
  = -γ      ,     

   

  
 =0 [15]. 

These equations can be written in terms of the Larmour frequency as   =γ  . The 

component first order differential equations can then be written as Eq. A1.1. 

   

  
=      ,  

   

  
 =-          

   

  
 =0                (A1.1) 

Eq. A1.1 can be rewritten by using the complex conjugate of            [23]. 

    

  
=

   

  
  

   

  
                (      ) 

    

  
                  (A1.2) 

The solution to Eq. A1.2 is that of a linear differential equation. 

 

   
    = -    dt 

Taking the integral results in Eq. A1.3. 

ln (   ( ))= -    t + c   (A1.3) 

Taking the exponential of both sides of Eq. A1.3. results in Eq. A1.4. 
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   ( )=                 (A1.4) 

The initial condition in Eq. A1.4 occurs when t=0. 

   ( ) = c =             (A1.5) 

Substituting Eq. A.5 into Eq. A.4 results in Eq. A.6. 

   ( )=                  (A1.6) 

In Eq. A.6          =cos (   )       (   )       Substitute this into Eq. A.6 results in 

Eq. A1.7. 

   ( )=   (cos (   )       (   ))        (A1.7) 

Equation A1.7 and Eq. A1.1 provide the solution for the precessing magnetization vector 

in a static magnetic field of Eq. A1.8 [15]. 

  ( )=   (cos (   )),   ( )=    (sin (   )), and   ( )= constant   (A1.8) 

A.2 Solutions to the Time rate of Change of Magnetization Vector due to a torque 

from an applied Field with Relaxation  

The incorporation of the spin-spin relaxation and spin lattice relaxations yield the 

additional time rate of change in the components written as 
   

  
= 

  

  
,   

   

  
 

  
  

  
     

   

  
  

 

  
(       ) [15]. Incorporating these effects into the time rate of 

change of the magnetization vector due to an applied torque due to a static magnetic field 

yield what is known as the Bloch equations in Eq. (A2.1) [15]. 

 

   

  
 =   

  

  
 (  -  ) + γ(   )  , 

   

  
 = 

    

   
 + γ(   ) , 

    
   

  
 = 

    

   
 + γ(   )        (A2.1) 
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T1 is the spin-lattice relaxation time in which the magnetization vector is undergoing 

thermal excitation due to the field in the z component and the loss to the surrounding 

material [14].  The secondary relaxation time T2 termed spin-spin affects the vector 

components of the x and y of the magnetization vector because of the spin interactions in 

the x-y plane [15].  

Eq. A1.4 is the mathematical representation of the magnetization vector without 

relaxation, with considering only the initial condition      , and including the real and 

imaginary components to the magnetization. In order to account for any precessional 

position that the magnetization vector is in, the real components of Eq. A1.4 for    ,  , 

and    during any given time t need to be considered [14]. At any time t the 

magnetization vector magnitude will be in all of the three vectors. The vector magnitude 

can then be written as   . The precessional frequency is positive    = γ   [14]. The 

rotation of    and    is clockwise so the solution of the magnetization components 

should reflect the clockwise rotation. The real components of the magnetization to 

incorporate a clockwise rotation can be written as    ( ) =    cos (    ) and    ( ) = 

  sin (    )     .    is the magnitude of the magnetization vector and    ( ) = 

constant because the static magnetic field is assumed to be in the z component only.  

For the z component of the magnetization vector the spin lattice relaxation time of T1 

is taken into account only for the z component [15]. T1 is only taken into account in the z 

component because it is considered the time it takes for the magnetization vector of the z 

component to relax back to equilibrium, and not the x and the y.  The rate of change can 

be written as Eq. A2.2 [15]. 
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 =   

  

  
 (   -   )      (A2.2) 

Eq. A2.2 will provide the solution of the magnetization vector in the z component.   

Algebraically reorganizing Eq. A2.2 and taking the integral results in the equation of  

ln (1 - 
  

  
) = -

 

  
  Taking the exponential and multiplying through the equation by the 

magnitude of the magnetization vector yields    -    =    
 

 

  . Now grouping    on 

one side and multiply in through by a negative sign yields the solution of Eq. A2.3. 

  =   (        )     (A2.3) 

In order to find a solution for 
   

  
 and 

   

  
 a homogenous solution of  

y = A    sin (-ωt) for    will be selected. In this case A =   and β = 1/   [15]. The 

applied form is a solution if it will satisfy the differential equation for the y component of 

the magnetization vector. Treating   =    
     sin (-  t) and taking the proper 

derivatives will yield Eq. A2.4. 

   

  
  

 

    sin (-   )       
 

 

     cos (-   )   
  

  
  

 

    sin (-   )       
 

 

     cos (-   )     (A2.4) 

The form selected satisfies the differential equation and determines that it is a 

solution. The same method can be applied to 
   

  
 in which the differential equation will 

be satisfied by the solution    =    
     cos (-  t) [15]. 

 

 

 

 


