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Abstract

The action currents of a dendrite, peripheral nerve or skeletal muscle create their own magnetic
field. Many investigators have attempted to detect neural and dendritic currents directly using
magnetic resonance imaging that can cause the phase of the spins to change. Our goal in this paper
is to use the calculated magnetic field of a dendrite to estimate the resulting phase shift in the
magnetic resonance signal. The field produced by a dense collection of simultaneously active
dendrites may be just detectable under the most ideal circumstances, but in almost every realistic
case the field cannot be detected using current MRI technology.
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Introduction

Many researchers have tried to record neural currents using magnetic resonance imaging
(MRI) [3, 6, 11, 13, 14, 21, 26]. Such a measurement of action currents would be significant,
because it would allow functional imaging of neural activity using the high spatial resolution
of MRI and avoid an ill-posed inverse problem to determine the current sources. Functional
MRI detects brain activity by measuring the blood oxygenation level-dependent (BOLD)
signal [20]. Unfortunately, BOLD measures perfusion rather than neural activity directly.
Measurement of the magnetic field of neural currents would better follow the distribution of
neural activity in time and space. However, the feasibility of detecting neuronal currents by
utilizing MR is a topic that is still under debate [16, 36]. Neuronal mapping with MRI
would provide a noninvasive procedure for mapping the active neural pathways in the brain
[18]. 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 localization would provide a greater understanding of
cortex functionality. The direct imaging of the functionality of gray matter sections of the
cerebrum depends solely on the magnetic field due to neuronal currents. Neuronal currents
stem from the soma, which are chemically transmitted across the synaptic cleft. The
propagation of a neural signal through the dendrites and the axons can be represented by
multiple current dipoles inside a voxel [15, 16]. 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
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adding additional phase contributions to the present precessional states, causing a positive or
negative shift in the signal magnitude.

Previously MRI researchers have attempted to calculate the magnetic field associated with
action currents [6, 21]. Also, there are many papers in the biomagnetic literature in which
magnetic fields of nerves, muscles, and even single axons were calculated numerically [25,
28, 35] or measured using ferrite-core, wire-wound toroids [9, 10, 23, 27, 29, 30, 32-34].
Many investigations have shown results obtained from water phantoms, humans, bloodless
turtle brains, rat brains, and theoretical calculations [2, 4, 6, 17]. Some of them have claimed
that neuronal magnetic fields caused by neuronal currents can produce measurably large
voxel MRI phase and signal changes in the human brain [3, 22, 36]. Others have claimed
that the resultant field intensity measured from the human brain is too weak to detect a
favorable phase and signal response with MRI [8, 36]. Our goal in this paper is to use
calculated magnetic signals of dendritic currents to estimate the changes in MRI signal.

The magnetic field, B, emanating from a current distribution can be calculated using the
Biot-Savart law:

where p is the magnetic permeability of free space (we ignore small variations of the
permeability within tissue because of its diamagnetic properties), r is the position vector,
and d is the differential length element. This general equation may be applied to the specific
cases of axons or dendrites. In a long axon, both depolarization and repolarization phases of
the propagating action potential are present simultaneously, at different locations along the
fiber, resulting in two oppositely directed dipoles. However, in smaller dendrites only
depolarization or repolarization is present at one time. Therefore, we adopt the common
practice of representing a dendritic source as a single current dipole [19]. Application of the
Biot-Savart law gives:

where p is the current dipole, R is the vector from the dipole at the source point r' to the
field point r. In the case of MRI, one is interested in only one component of the magnetic
field. Without loss of generality, we choose this to be the z-component. For simplicity, the
field point is taken to be in the plane z'=0. This gives the following expression for the z-
component of the magnetic field:

o (=P +pyx')
=
o \/(x X+ -y )+ -2

®

The resultant field from an ensemble of dendrites will then be the sum of the individual
fields given by Eq. (3). This resultant field, a product of neural activity, will make a
contribution to the additional phase of the magnetic moments, which MRI detects [22].
Prediction and identification of this phase shift is necessary for the recognition of brain
activity in dendrites. The phase contribution ¢ due to the neuronal magnetic field at a given
point (X, y, z) in the activated region in a voxel/volume can be calculated using the
following equation [36]:
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where TE represents the time of the echo sequence and gamma, v, is the gyromagnetic ratio
of the proton (2.7 x 108 s71T-1) [31]. Bodurka and Bandettini [3] have measured the
minimum detectable phase shift in an MRI experiment, using a phantom consisting of
current-carrying wires in a saline bath. They found that a minimum detectable phase shift of
about 0.1°, or 0.0017 radians. For many reasons, reviewed in the discussion, we believe that
this value is optimistic, and the actual minimum detectable phase shift is considerably larger.
However, in this paper we will adopt 0.0017 radians as the threshold for detectability.

This model represents dendrites in an active voxel of neuronal tissue as dipoles on a variable
lattice structure. Dendrite strength, spacing, and orientation are input parameters. Since our
goal was to get an upper bound on possible magnitudes of the magnetic fields and associated
phase shifts, several of our calculations consider the effects of dipoles arranged uniformly in
the voxel, all pointing the x-direction. Clearly, this arrangement is a crude approximation of
the complex dendritic arborization present in actual neuronal tissue in the brain. However,
this arrangement of dipoles helps us to evaluate the maximum magnetic field created by an
active voxel. We also consider several cases in which the dipoles are oriented randomly.

The empirical value for dendrite density is on the order of 108 / mm3, and our simulations
consider the effects of this density as well as several others [19]. Dendrites range greatly in
length from around 300 pm for an apical dendrite down to around 10 pm for the shortest
branching dendrites, and a given tissue volume will often have a larger number of the
shorter dendrites [13]. As such, this model assumes all dendrites to have an average length
of L =30 wm. Assuming that each active dendrite has an intracellular current of | = 1 nA [6,
22] this gives an equivalent current dipole for a dendrite:

B=1-L=3x10"0Am ()

An actual voxel of human brain tissue contains overwhelmingly complex neuronal
geometries that provide significant difficulties for researchers modeling the brain. Past
studies have largely sidestepped this challenge by modeling large-scale tissue volumes or
even the whole brain itself using several dipoles. Although this has not been unfruitful, new
findings may result from considering more a realistic simulation of the tissue, and our model
takes this approach.

Our mathematical model has the capability to simulate the field resulting from dendrites
oriented in any direction. It is clear that the maximum field would result from parallel
alignment, while other orientations would only diminish this quantity. With that in mind, our
first calculations consider the simplified case in which all dipole are oriented in the x-
direction to get an upper bound on potential field strengths. We then consider dipoles
oriented randomly in the x-y plane.

Equation (5) gives the value of the equivalent current dipole of a dendrite, p, used during
this investigation. Then we use Eq. (3) to calculate the z component of the magnetic field of
a dendrite at a given coordinate. During the simulations, dipoles are assigned to locations on
a lattice with spacing and orientation depending upon each particular simulation. The
contribution to the magnetic field from each dipole is added at each lattice point, producing
the resultant field. We assume that the dendrites are active for a time of roughly 10 ms
during their depolarization, which is less than the echo time. The magnetic field is treated as
effectively constant during the activation time and zero otherwise. With this approximation,
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the phase shift ¢ given by Eqg. (4) becomes the product of the magnetic field, the
gyromagnetic ratio, and the activation time

Furthermore, the field within the voxel will clearly be at a maximum if all the dendrites are
active simultaneously. That is, if some of the dendrites are inactive, they certainly will not
contribute to the overall field. As such, our first calculations also assume synchronous
activation.

Figure 1 depicts the z component of the magnetic field generated by a line of evenly spaced
(10 wm) 100 dipoles centered in the voxel. The magnetic field is calculated in the plane
containing the dipoles, where it would be largest. This arrangement yielded a maximum
magnetic field of 0.049 nT with a corresponding phase shift of 8.3 x 107° radians. The
magnetic field is large only near the end of the line of dipoles. In the central region, the
magnetic fields of the individual dipoles largely cancel. Thus, one can think of the magnetic
field as detecting primarily the edge of a region of depolarization.

Figure 2 shows the simulated z component of the magnetic field from a full-voxel
simulation of 50,000 dendrites with a uniform spacing of approximately 28 wm in each
direction. The maximum field strength is calculated to be 0.44 nT, giving a phase shift of
0.0012 radians, which is slightly less than the minimum detectable limit. The magnetic field
is calculated on a plane through the center of the voxel, and again is largest near the voxel
edge.

Figure 3 shows the simulated z component of the magnetic field for a full voxel simulation
of 10° dendrites uniformly arranged in the voxel with a spacing of 10 wm in each direction
on the lattice. This simulation corresponds most closely to the accepted physical dendrite
density of cortical tissue, and assumes all the dendrites are simultaneously active. In this
simulation, the maximum field was found to be 7.76 nT, and the corresponding phase shift
was calculated to be 0.021 radians. This simulation resulted in a phase shift that is about an
order of magnitude greater than our minimum detectable value. However, for reasons
discussed more fully later, this calculated value almost certainly overestimates the phase
shift caused by actual cortical dendrites.

For comparison, we also performed a series of simulations with dipoles oriented randomly
in the x-y plane. This randomization more closely mirrors the real, physical orientation of
the dendrites. At each density, we performed several (5 — 8) simulations with different
random orientations and then we averaged the resultant magnetic fields. Our findings are
shown in Table 1 together with a comparison to the original, non-randomized orientations.
Overall, one notices that as the dendrite density increases, the fraction of the maximum field
strength generated by the voxel decreases sharply. At the physically realistic density of 10°
dendrites per voxel, randomized orientations reduced the maximum z component of the
magnetic field in the voxel to roughly 0.22 nT, less than 3% of its original value.
Furthermore, Figure 4 shows a representative example of the z component of the magnetic
field generated by randomly oriented dendrites. One observes the oscillation in sign of the
local maxima and minima, over distances much smaller than a single voxel.

Discussion

The goal of this study is to generate a theoretical model that describes the magnetic field
generated by the receptor potentials of dendrites in grey matter, and to assess the feasibility
of imaging the related currents via MRI. Overall, our results show that the magnetic fields
generated by dendrites may, under the most ideal of circumstances, just barely be detectable
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using current MRI techniques. Although 108 uniformly oriented, synchronously active
dendrites could generate a measurable signal, this situation is unlikely to occur within an
actual human brain, except perhaps during an epileptic seizure [24]. In the more physically
realistic case of randomly oriented dendrites, we found that the maximum field is sharply
reduced and was well below the limit of detectability. The random distribution of dipoles
may underestimate the magnetic field, just as the uniform distribution surely overestimates
it. More likely is a fairly random distribution at a large spatial scale, but a more uniform
distribution over smaller scales. We do not have a good value for the spatial correlation
length, so we present the two extreme cases as upper and lower limits. As shown by the
other simulations, the field strength and phase shifts also diminish when fewer dendrites are
active. During normal brain function, only a small fraction of the dendrites would typically
be active simultaneously. Therefore, we are not optimistic about the potential for measuring
dendritic activity with current MRI techniques.

As mentioned previously, our results likely overestimate the effects of the dendrites on the
MRI signal for several reasons. 1) The magnetic field of a dendrite has both depolarization
and repolarization phases as the transmembrane potential rises and falls over time. The
repolarization phase has a longer duration than the depolarization phase, but is also weaker,
so the integrated biphasic signal is nearly zero, as the phase shifts associated with
depolarization and repolarization cancel. The entire dendritic signal may last just a few
milliseconds, which is brief relative to MRI imaging pulse sequences. Thus, dendritic
signals will be more difficult to detect than we predict, unless fast carefully-timed pulse
sequences are developed that detect the phase shift over the depolarization phase but do not
cancel out this phase shift during the repolarization phase. 2) The measured signal in a MRI
experiment would represent an average over the voxel. The magnetic field distributions in
Figs. 1-4 suggest that the average signal may be much less than the maximum signal. 3) The
dendrites in the voxel will generally not be active simultaneously. Some may be
depolarizing while others are repolarizing. 4) The currents of the brain will generally not
point in the same direction. 5) Our simulations probably overestimate the magnetic field
because the dipoles are assumed to lie in the x-y plane, whereas in the brain the dipoles may
have a z-component that does not contribute to the phase shift because it produces no z-
directed magnetic field.

We suspect that the minimum detectable phase shift of 0.1° may be an overestimate. This
was measured in experiments using a large voxel size, at least 20 times larger than our voxel
[3]. The magnetic field of a wire falls off more slowly than that of a dipole, causing the field
to spread over a fairly large area so that a large voxel size should provide a relatively large
signal. The phantom used was not a realistic model of living tissue. In a real brain, there
could be many sources of noise that are not present in such a phantom experiment. Bodurka
and Banditinni mention “physiological noise” which represents magnetic fields produced by
any other sources of current (other nerves, muscles in the scalp, the eye, the heart, etc).
There is also the impact of time-dependent heterogeneities of the permeability (the source of
the BOLD signal), and also movement artifacts due to either breathing or pulsatile blood
flow. Finally, any magnetic impurities (magnetite) or contrast agents (gadolinium) could
affect our analysis. These factors are difficult to quantify, but all would seem to increase the
minimum detectable phase shift arising from neural activation in the brain.

We assume that the magnetic resonance imaging device uses a typical static magnetic field
strength on the order of a few Tesla. Neural currents might be detected more easily using
ultra-low field MRI [7, 17]. Unlike the chemical shift or susceptibility effects, the
biomagnetic field is not proportional to the static magnetic field. Therefore, a lower static
field means a larger fractional change in frequency. Ultra-low field systems may be
advantageous for these measurements. Perhaps polarizing the spins in a large field and then
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reducing it during detection would improve the signal, if the field could be switched rapidly
enough.

In conclusion, we find that MRI measurements of neural currents in dendrites may be barely
detectable using current technology in extreme cases such as seizures, but the chance of
detecting normal brain function is very small. Nevertheless, MRI researchers continue to
develop clever new imaging methods, using either sophisticated pulse sequences or data
processing. Hopefully, this paper will outline the challenges that must be overcome in order
to image dendritic activity using MRI.
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Magnetic Field Simulation, Line of 100 Diples, 10 micron spacing
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Fig. 1.

The field from a line of 100 dipoles positioned uniformly across a 1 mm line with a spacing
of 10 wm. A sampling value of 10 m was used to generate the plot. Arrows indicate the
general locations and directions of the dipoles in the simulation.
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Magnetic Field Simulation, Full Voxel, Uniform Dendrite Density: 50,000 / Voxel
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Fig. 2.

The magnetic field from a full voxel containing 50,000 dipoles. The dipoles were arranged
uniformly with an approximate spacing 28 m in each direction, and a sampling value of 20
pm was used to generate this plot. Arrows indicate the general locations and directions of
the dipoles in the simulation.
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Magnetic Field Simulation, Full Voxel, Uniform Dendrite Density: 108 / Voxel
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Fig. 3.
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The magnetic field from a full voxel containing 10° dipoles. The dipoles were arranged
uniformly with a spacing of 10 um in each direction, and a sampling value of 50 pm was
used to generate this plot. Arrows indicate the general locations and directions of the dipoles

in the simulation
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Field ion, Full Voxel, Dendrite Orientation:
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Fig. 4.

The magnetic field from a full voxel containing 50,000 dipoles, each with a random
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orientation. The dipoles were arranged with uniform spacing of approximately 28 pm in

each direction, and a sampling value of 70 pum was used to generate this plot. Arrows

indicate the general locations and directions of the dipoles in the simulation.
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Summary and Comparison of Representative Simulation Results
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Uniformly Orientation Random Orientation

Dendrite Density Average Maximum B-

Maximum B-Field (nT) Phase Shift (radians)

Per cent of Non-

(dipoles/ mm3) Field (nT) Random Orientation
Layer 10,000 0.14 0.00038 0.09 65%
Full Voxel 50,000 0.44 0.0012 0.13 30%
Full Voxel 100,000 0.87 0.0023 0.16 18%
Full Voxel 1,000,000 7.76 0.021 0.22 2.6%

NOTE: The proposed detection threshold was 0.0017 radians.
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