
Modeling Neuronal Current MRI Signal with Human Neuron

Qingfei Luo1, Xia Jiang1, Bin Chen2, Yi Zhu3, and Jia-Hong Gao1,4

1 Brain Research Imaging Center and Department of Radiology, The University of Chicago,
Chicago, IL 60637
2 Department of Electrical and Computer Engineering, Purdue University Calumet, Hammond, IN
46323
3 Computation Institute and Department of Computer Science, The University of Chicago,
Chicago, IL 60637
4 Department of Psychiatry and Behavioral Neuroscience, The University of Chicago, Chicago, IL
60637

Abstract
Up to date, no consensus has been achieved regarding the possibility of detecting neuronal
currents by MRI (ncMRI) in human brain. To evaluate the detectability of ncMRI, an effective
way is to simulate ncMRI signal with the realistic neuronal geometry and electrophysiological
processes. Unfortunately, previous realistic ncMRI models are based on rat and monkey neurons.
The species difference in neuronal morphology and physiology would prevent these models from
simulating the ncMRI signal accurately in human subjects. The aim of the present study is to
bridge this gap by establishing a realistic ncMRI model specifically for human cerebral cortex. In
this model, the ncMRI signal was simulated using anatomically reconstructed human pyramidal
neurons and their biophysical properties. The modeling results showed that the amplitude of
ncMRI signal significantly depends on the density of synchronously firing neurons and imaging
conditions such as position of imaging voxel, direction of main magnetic field (B0) relative to the
cortical surface and echo time. The results indicated that physiologically-evoked ncMRI signal is
too weak to be detected (magnitude/phase change ≤ -1.4×10−6/0.02°), but the phase signal
induced by spontaneous activity may reach a detectable level (up to 0.2°) in favorable conditions.

Keywords
neuronal current; MRI; human; realistic

Enormous efforts have been devoted to use MRI to detect magnetic fields produced by
neuronal currents (termed ncMRI) in human brain. Nonetheless, to the question whether
ncMRI signal is detectable, the answers from different ncMRI experiments on human
subjects are still contradictory (1–14). To assess the detectability of ncMRI signal, several
groups have simulated the MRI signal change produced by ncMRI effects using simplified
current dipole (SCD) models (4,15–17), which depict the neuronal currents as static current
dipoles with simple alignment (e.g., parallel or antiparallel).

In SCD models, the neuronal geometry and the dynamics of neuronal activity are ignored to
reduce the computational complexity of ncMRI signal simulation. On the other hand, this
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simplification may significantly degrade the simulation accuracy (18). To overcome this
limitation, two groups have recently utilized the realistic structure and biophysical
characteristics of the neurons in monkey (18) and rat (19) brains to model ncMRI signal.
Since these realistic ncMRI models are able to simulate the temporal and spatial
distributions of neuronal currents more accurately, in principle they would provide a more
accurate tool to predict the size of ncMRI signal.

However, it has been noted that the ncMRI magnitude/phase signal estimated by the monkey
model (10−2/1 degree) (18) is 10,000 times higher than the rat model (10−6/10−4 degree)
with the similar imaging parameters. This suggests that the strength of ncMRI signal may
vary greatly in different animal species due to differences in their neuronal morphology and
physiology. Hence, significant errors may be produced if the monkey (18) or rat (19) ncMRI
models are used to estimate the amplitude of ncMRI signal in human brain. Therefore, the
results from the previous realistic ncMRI models (18,19) are unable to resolve the debate on
the feasibility of ncMRI in human subjects completely. To address this question, it is
necessary to establish a realistic ncMRI model specifically for human brain.

To the best of our knowledge, the realistic ncMRI model for human brain is still lacking up
to date. In this study, we modeled the ncMRI signal by using the 3-D reconstructed cell
structure and biophysical properties of human cortical pyramidal neurons. In addition, the
human cerebral cortex is typically composed of six cellular layers (layer IVI) and the neuron
packing density varies in different layers. To investigate the impact of this neuron density
variation on ncMRI signal, we used six layers of neurons with different neuron density to
simulate the ncMRI signal in a cortical tissue. Our modeling results would provide more
reliable information about characteristics of ncMRI signal and help to determine the
detectability of ncMRI signal in human brain.

Methods
The ncMRI signal in human cerebral cortex was simulated through the following four
procedures: (I) Construction of a structural model of cerebral cortical tissue; (II) Calculation
of neuronal currents and NMF in single neurons; (III) Simulation of NMF in the activated
tissues based on that of single neurons; (IV) Estimation of ncMRI signal changes induced by
the NMF in the tissue.

I. Structural model of cerebral cortical tissue
As shown in Figure 1a, a structural model was constructed for a cerebral cortical tissue with
surface area of 3 × 3 mm2 and 2.5 mm thickness. A coordination system (x-y-z) is defined
based on the geometry of tissue, and the y-axis in this system is perpendicular to the tissue
surface. To simulate the architecture of human cortical tissue, the model tissue is divided
into six cortical layers (layer I–VI) perpendicular to the tissue surface (y-axis). The cortical
layers have different thickness (Fig. 1a) and neuron packing density. The distribution of
neuron density in different layers is illustrated in Fig. 1b where the neuron density of each
layer is normalized to the average neuron density in the tissue (ρ̄N), which is the weighted
average of neuron density in all the layers:

(1)
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where ρN,k and Tk are the neuron density and thickness of the kth cortical layer, and T is the
thickness of tissue. The values of layer thickness and neuron density used in this simulation
are obtained from the previous measurements in human brain (20).

The morphology of the neurons in the model tissue is copied from that of a digital neuron,
which is anatomically 3-D reconstructed from a real cortical pyramidal neuron in human
brain. Two versions of brain tissue (tissue 1 and 2) were created separately using the digital
copies of two pyramidal neurons (neuron 1 and 2). Neuron 1 and 2 were reconstructed from
prefrontal cortex (21) and auditory cortex (22), respectively. As shown in Fig. 1c, the shapes
of neuron 1 and 2 are described by using 362 and 458 cylinder compartments in the
coordinate system of neuron (x′- y′- z′). The origin of this coordinate system is located at
soma and the y′ direction is along the length axis of neuron. Considering that pyramidal
neurons in human cerebral cortex are approximately perpendicular to the cortical surface,
the length axes (y′) of the neurons are aligned along thickness direction of tissue (i.e., y′//y).
The directions of width axes (x′- z′) of neurons with respect to that of tissue (x-z) are
randomly assigned, and the angle between x′ of each neuron and x is denoted by α (0 ≤ α <
360°) between them (see Fig. 1d). Please note that α is not constant and varies with different
neurons.

II. Calculation of neuronal currents and NMFs in single neurons
The distribution of ion currents in neuron 1 and 2 were simulated with the NEURON
simulator (23). The biophysical properties of the two neurons are described by two
categories of parameters. (1) Passive membrane parameters: specific membrane resistivity
Rm, intracellular resistance Ra, and specific membrane capacitance Cm. The values of Rm,
Ra and Cm were obtained by fitting the voltage response of the model neuron for a given
current pulse (= −0.4 nA) at soma to that measured in the previous human study (Avoli et
al., 1994). The detail fitting procedure has been described in previous studies (24). The
fitting results are: Rm = 15 Ω·cm2, Ri = 245 Ω·cm, Cm = 0.76 μF/cm2. (2) Active membrane
parameters: voltage-gated sodium current INa, delayed-rectifier (IKDR) and A-type (IA)
potassium currents. The typical active membrane parameters were used in this model and
they have been reviewed in detail by Migliore and Shepherd (25). Briefly, INa and IKDR are
uniformly distributed in the dendrites of the neuron. The peak conductance for IA increases
linearly with the distance from the soma.

The stimulation to the neurons is represented by 25 excitatory synaptic inputs that are
randomly located in the dendrites. The synaptic inputs are produced synchronously with a
frequency of 40 Hz, which is the typical neuronal firing frequency for normal neuronal
activity (18). Each synaptic event is modeled as a double-exponential function with peak
conductance = 0.5 nS, rise/decay time constant = 0.4/1 ms and reversal potential = 0 mV.

Based on the morphological and physiological properties described above, the membrane
potentials in the cylindrical compartments of the neuron during 0–50 ms (t = 0–50 ms, time
step = 25 μs) are simulated using the NEURON simulator. Then the intracellular current in
each compartment is calculated with its membrane potential and resistance according to the
Ohm’s law. The extracellular currents are ignored in this model due to their negligible
contribution to the ncMRI signal (15,18).

The NMF generated by the intracellular currents in neuron 1 and 2 during 0–50 ms (interval
= 1 ms) were calculated in the coordinate system of neuron (x′ - y′ - z′) according to the Biot-
Savart law:
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(2)

where  is the NMF at point p(r ⃗′) and time t, μ0 is the magnetic permeability in free
space, N is the number of cylindrical compartments in the neuron, Ij(t) is the neuronal

current in the jth compartment at time t,  is the line element vector of the jth compartment

and , where  and  are the positions of the start and end points of the

compartment,  is the distance vector from the center of the jth compartment to point p and

.

Since the NMF decreases rapidly with the increase of distance from the neuron, the NMF is
calculated only at the points in the vicinity of the neuron to reduce computation intensity.
The calculation region is defined as x′ = [−400 400] (μm), y′= [−400 600] (μm), and z′ =
[−200 200] (μm). The NMF outside this region is regarded as zero. The calculation points
are sampled uniformly in space with 5 μm interval.

III. Simulation of NMF in activated cortical tissues
The NMF in the activated tissue 1 (tissue 2) was calculated with that of neuron 1 (neuron 2)
according to the following relationship:

(3)

where B⃗t(r ⃗, t) and B⃗n,i (r ⃗, t) are the NMFs of tissue and the ith neuron at point r ⃗ and time t in

the tissue coordinate system (x-y-z), M is the number of activated neurons in the tissue,  is

the coordinates of r ⃗ in the coordinate system of ith neuron (x′- y′- z′), and  is obtained
using coordinate transform:

(4)

where αi is the angle of the width axes of the ith neuron (x′ and y′) relative to the x and z
directions (see Fig. 1d), and r ⃗0,i is the position vector of soma of the ith neuron in the tissue
coordinate system.

With Eqs. (3–4), the NMFs generated in tissue 1 and 2 were simulated on the PADS
computer cluster system at the Computation Institute of University of Chicago
(http://pads.ci.uchicago.edu/). To investigate the dependence of NMF strength and
distribution on the density of neurons that fired synchronously in the tissue (ρ̄FN), the NMF
of tissue was calculated with different ρ̄FN values (= 0–5000 neurons/mm3). In this model,
the ratio of activated neurons to the total number of neurons (RF) is assumed to be same in
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all the cortical layers, so there is a proportional relationship between the firing neuron
density (ρ̄FN) and overall neuron density (ρ̄N) in the tissue:

(5)

In human prefrontal cortex, the average neuron density (ρ̄N) is about 6.2×104 neurons/mm3

(20), then ρ̄FN = 0–5000 neurons/mm3 is corresponding to a firing ratio (RF) of 0–8%
approximately. In the simulation, the ρ̄FN value was increased with an interval of 400
neurons/mm3 when ρ̄FN ≤ 2000 neurons/mm3, and a 1000 neurons/mm3 interval was used
for ρ̄FN > 2000 neurons/mm3. The calculation points were sampled in the tissue space with 5
μm interval for ρ̄FN = 0–1600 neurons/mm3, and the sampling interval was decreased to 10
μm due to the limitation of computing capacity.

IV. ncMRI signal changes in activated cortical tissues
The magnitude and phase changes of ncMRI signal in the activated tissues are expressed by
(4,19):

(6)

(7)

where δ(TE) and Δφ(TE) are the ncMRI signal changes in magnitude and phase at the echo
time (TE), and V is the volume of imaging voxel, φ(r ⃗, TE) is the phase shift accumulated by
the spin at the point p(r ⃗) in an echo time TE and φ(r ⃗, TE) is expressed as:

(8)

Bt,0(r ⃗) is the component of B⃗t(r ⃗) in the direction of B⃗0. As shown in Fig. 1d, the direction of
B⃗0 is specified by the zenith angle of B⃗0 from the positive y-axis (θ) and the azimuth angle
of B⃗0 in the x-z plane from the positive x-axis (ϕ). Then Bt,0(r ⃗) can be obtained with the
following relationship:

(9)

where Bt,x(r ⃗), Bt,y(r ⃗), and Bt,z(r ⃗) are the components of B⃗t(r ⃗) on x, y, and z directions.

Using the calculated NMFs in the tissues and Eqs. (6–9), the ncMRI signal changes were
simulated on a computer cluster with the following imaging parameters: gradient echo pulse
sequence, TE = 0–50 ms (interval = 1 ms), and voxel size = 1×1×1 mm3. Diffusion effects
are neglected when calculating the ncMRI signal changes because they have little impact to
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the ncMRI signal (18). Since the ncMRI signal changes depend upon the location of voxel,
to find out the maximum signal, the voxel center is moved throughout the tissue space with a
step of 50 μm, and then the ncMRI signal changes were calculated for each position
correspondingly. In addition, to investigate the dependence of ncMRI signal on the direction
of B⃗0 with respect to neurons, the ncMRI signal was calculated with the combinations of
different θ (= 0–180°, 30° interval) and φ (= 0–180°, 30° interval).

Results
Neuronal activity and NMFs in single neurons

Figure 2a shows the time courses of membrane potentials (Vm) at the soma of neuron 1 and
2 during 0–50 ms. The membrane potential is equal to −70 mV at resting and is altered by
the stimulation that starts at 0 ms. It is shown that the potential varies with time and there are
three/two peaks in the time course of neuron 1/neuron 2, and the peak duration (full width at
half maximum) is about 2 ms.

The spatial distributions of membrane potentials in the neuron 1 and 2 at the peak response
time (t = 2 and 3 ms for neuron 1 and 2) are shown in Fig. 2b. It can be seen that Vm varies
significantly with spatial locations. In general, the Vm change relative to resting potential
(70 mV) is larger in the dendrites near the soma, and decreases dramatically with increasing
distance from the soma.

Figure 2c illustrates the NMF distribution produced by neuron 1 and 2. The figure shows the
distribution of z′ component of NMF produced by neuron 1 and neuron 2 in plane y′= 0 at
the peak response time. It can be seen that the amplitude and polarity of NMFs change with
spatial locations. The NMFs decay rapidly with the increase of distance from the neuron. At
the edges of the calculation region ( x′ = [−400 400] (μm), y′= [−400 600] (μm), and z′ =
[−200 200] (μm)), the magnitudes of NMFs decrease to 1 pT approximately, which is tens
of thousands weaker than the maximum NMF generated by the neuron. So the NMFs
outside the calculation region can be regarded as zero.

NMFs in the activated cortical tissue
Figure 3 shows spatial distribution of the z components of NMFs in the activated cortical
tissue 1/tissue 2 in plane x = 0 at t = 2 ms/3 ms. The results in the figure were obtain with a
neuron firing ratio of 10% (ρ̄FN = 800 neurons/mm3). It is found that the cortical NMFs are
inhomogeneous in the tissue. The mean and standard deviation of the NMF are 0.01 and
0.51 nT (0.02 and 0.37 nT) in tissue 1 (tissue 2). Furthermore, the extent of field
inhomogeneity varies with different cortical layers. Layer I shows the smallest fluctuation in
NMF, and the largest field inhomogeneity is present in layer II. The results for other firing
neuron densities also show the same behavior. The fluctuation and average intensity of NMF
increase with the increase in ρ̄FN.

ncMRI signal in the cortical tissue
Figure 4 shows maximum ncMRI magnitude and phase signal changes at TE = 50 ms for
different firing neuron densities (ρ̄FN). The maximum signal changes refer to the maximum
values that can be achieved with all possible B⃗0 directions and voxel positions. It is found
that the amplitude of ncMRI signal increases with the increase in ρ̄FN, and there is an
approximately linear relationship between the ncMRI signal change and ρ̄FN. When
increasing ρ̄FN from 0 to 5000 neurons/mm3 (corresponding RF = 0–62.5%), the magnitude/
phase signal change is elevated from 0 to 2.6×10−5/0.17° (1.2×10−5/0.32°) in tissue 1 (tissue
2).
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Figure 5 demonstrates the dependence of ncMRI signal changes on the position of voxel
when ρ̄FN = 800 neurons/mm3 and TE = 50 ms. It can be seen that magnitude and phase
changes increase initially when increasing the depth of the voxel’s position relative to the
tissue surface (at y = 0), reach to their maximum in layer III, and then decrease with further
increase in the depth. The same phenomena were observed in the results for other ρ̄FN
values.

As shown in Figure 6, the size of ncMRI signal varies with the direction of B⃗0 relative to the
neurons ρ̄FN = 800 neurons/mm3. It can be seen that for different B⃗0 directions (governed by
θ and ϕ), a difference of up to 5/10 times exists in their corresponding magnitude/phase
ncMRI signal changes. In most cases, for a given ϕ, the ncMRI signal is the strongest when
B⃗0 is approximately perpendicular to the length axes of neurons (θ = 90°).

Figure 7 shows the maximum ncMRI signal changes in magnitude and phase as a function
of TE for different ρ̄FN. These results indicate that the ncMRI signal changes increase when
TE increases, and the magnitude signal increases more rapidly than the phase signal. The
results also show that the rate of signal increase with TE is approximately independent of
firing neuron density. It is noticed that there are some local perturbations in the curves of
ncMRI signal vs. TE (e.g., at TE = 19/28 ms in tissue 1/tissue 2). This phenomenon also
appears in the simulation results in the previous ncMRI models (18,19) and it is caused by
the back propagation of action potentials (19).

Discussion
In this study, we modeled the ncMRI signal using the morphology and physiology of human
neuron for the first time. In this model, we considered the multilayer structure of cortical
tissue and the difference of neuron packing density in different cortical layers. Through
these improvements, this model would allow us to predict the size and properties of ncMRI
signal in human brain in a high accuracy.

The simulation results showed that the size of ncMRI signal increases with the density of
synchronously firing neurons (ρ̄FN) (Fig. 4), which depends on the intensity of neuronal
activity. In ncMRI experiments on healthy human subjects, two types of neuronal responses
can be used to detect ncMRI signal: evoked and spontaneous activity (26). From the
previous MEG study (27), it is known that the strength of sensory (e.g., visual) evoked
activity is about 2–40 nA·m in terms of equivalent current dipole (ECD). Using the methods
described in Cassara’s study (19), we calculated the ECD of neuron 1 and found its peak
strength to be 5 pA·m approximately. Thus, a sensory stimulation can activate up to 8000
neurons synchronously. Considering that the cortical area of sensory activation is at least 10
mm2 (28), then the strength of a typical evoked activity will be corresponding to the firing
neuron density (ρ̄FN) of 320 neurons/mm3 in this model (tissue thickness = 2.5 mm). For
such a ρ̄FN value, the maximum magnitude/phase ncMRI signal at TE = 50 ms will be about
−1.4×10−6/0.02° (see Fig. 4). Obviously, such a small signal is beyond the detection
capability of current MRI technology. Compared to the evoked activity, the ECD of
spontaneous alpha wave activity (= 100–1000 nA·m) (29) can be over ten times stronger, so
the ρ̄FN value for spontaneous activity can be increased by a factor of 10, then the phase
ncMRI signal will rise to 0.2°. According to the theory of power analysis (30), it will require
about 20 min of scan time with the typical p-threshold (p < 0.001 uncorrected) and imaging
conditions (TR = 1 s and temporal phase noise = 1°) to detect this signal. This suggests that
successful detection of spontaneous ncMRI activation would be possible in human subjects.

In this model, it is estimated that the evoked (spontaneous) ncMRI signal changes are about
2×10−6 (2×10−5) for magnitude and 3×10−2 (3×10−1) degree for phase (Fig. 4). Then in a
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typical ncMRI experiment on human subjects (temporal SNR/phase noise ~ 80/1°), the
contrast-to-noise ratio (CNR) of phase signal will be approximately 186 times higher than
magnitude signal according to the definition of CNR of ncMRI (4). This suggests that phase
imaging would be more sensitive to neuronal currents than magnitude imaging. Our results
agree with those from the pioneering phantom experiments that used MRI to detect ultra-
weak transient magnetic fields (31,32). In contrast, the previous SCD-based ncMRI model
claimed that MR magnitude signal is a much better candidate to detect neuronal current
induced signal changes as compared to MR phase (15). Due to the oversimplification of
neuronal structure and physiological properties, significant errors could be produced in this
SCD model. By using the realistic geometry and physiology of human neuron, the
simulation accuracy would be substantially improved in the present model. Thus, our results
would provide more reliable information regarding the sensitivity of magnitude and phase
signals.

The results from this study show that both magnitude (δ) and phase (Δφ) ncMRI signal
changes have a linear relationship with the firing neuron density (ρ̄FN) when ρ̄FN < 5000
neurons/mm3 (Fig. 4). The dependence of ncMRI signal on ρ̄FN has been investigated in two
previous ncMRI models (15,19). Both models showed that there is linear dependence
between Δφ and ρ̄FN, but discrepancy exists between these two models on the results of
magnitude signal. Xue’s model (15) indicated that δ also linearly increases with ρ̄FN for a
small or moderate ρ̄FN value (number of firing dendrites in the voxel is less than two
million), while Cassara’s model (19) estimated that there is an exponential relationship
between δ and ρ̄FN. Our simulation results agree with the findings from the former model.
Although similar simulation methods are utilized in our and Cassara’s models, the
morphological and physiological information of neuron are measured from human cerebral
cortex in the present model, while from rat hippocampus in Cassara’s model (19). Since
major differences exist between primate and rodent brains in the regularities behind brain
morphology and cellular composition (33). The size, shape, and packing density of neuron
in human brain may significantly differ from those in rat brain. The spatial and temporal
distribution of neuronal currents heavily depends on these neuronal properties. Hence, the
difference in these properties for different species would alter the characteristics of ncMRI
signal, and this results in the discrepancy between our human ncMRI model and the rat
model (19), regarding the dependence of ncMRI signal changes on ρ̄FN.

The magnitude/phase ncMRI signal change is estimated to be on the order of 10−2/1 degree
from the realistic ncMRI model based on monkey neuron (18), while only 10−6/10−4 degree
from the rat model (19). The ρ̄FN value used in these two models is equivalent to 4×105 and
2083 neurons/mm3, respectively. If it is assumed that a linear relationship exists between
ncMRI signal and ρ̄FN (see Fig. 4), when using the same ρ̄FN value, the amplitude of ncMRI
signal calculated from the present human model will be comparable to the monkey model
(18) but about one hundred times stronger than the rat model (19). The discrepancy between
the rat model and our human model can be attributed to two factors: (i) Species difference in
neuronal morphology: primate and rodent have different regularities of brain morphology
(33), so the geometry of human neurons may differ from that of rat neurons considerably.
The amplitude of ncMRI signal heavily relies on the spatial and temporal distribution of
NMF, which is governed by the shape of neuron. Hence, the morphological difference
between primate and rodent neurons will lead to the difference in their ncMRI signal
intensity. (ii) Difference in spatial sampling: a spatial sampling interval of 20 μm was used
to calculate the ncMRI signal in the rat model (19), while the present model adopted a
smaller sampling interval (5 μm). To evaluate the impact of spatial sampling on the ncMRI
signal calculation, we simulated the ncMRI signal in tissue 1 when ρ̄FN = 800 neurons/mm3,
using both 5 and 20 μm sampling intervals. The results indicated that the magnitude/phase
signal change calculated with 20 μm interval is approximately 22%/8% smaller than that
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obtained with 5 μm interval. Thus, the difference in spatial sampling would not result in the
large discrepancy (100 times of difference) between the rat (19) and the present models. In
other words, the species difference in neuronal morphology may be the primary factor that
caused the discrepancy.

Our results indicate that the ncMRI signal change depends on the direction of B⃗0 relative to
the neuron (Fig. 6). In general, when the angle between B⃗0 and the length axes of neurons
(θ) is close to 90°, the ncMRI signal reaches to its maximum value. In cerebral cortex, the
neurons are proximately perpendicular to the cortical surface, so the brain areas with cortical
surfaces parallel to B⃗0 would produce the largest ncMRI signals. In other words, better
detection sensitivity of ncMRI will be attained by choosing the cortical regions parallel to
the main magnetic field. In addition, it is also found the extent of signal variation with B⃗0
direction in tissue 1 differs from that in tissue 2. In tissue 1, there exists up to four/six times
of difference in the magnitude/phase signal intensities for different B⃗0 directions (Fig. 6a
and c), while this difference reaches up to 23/14 times (for magnitude/phase) in tissue 2
(Fig. 6b and d). Since tissue 1 and 2 only differ in their neuronal morphology (i.e., neuron 1
vs. neuron 2), these results suggest that the dependence of ncMRI signal intensity on B⃗0
direction can vary with the geometry of neuron. Also, it is worth mentioning that our results
for tissue 1 agree with the findings from the ncMRI model based on monkey neuron (18),
which showed that different B⃗0 directions can result in several times of difference in the
ncMRI signal.

It is found that the increase of TE can increase the magnitude signal noticeably, while the
phase signal elevates with TE more gradually (Fig. 7). If an exponential relationship
between ncMRI signal change and TE (δ ∝ (TE)c1 and Δφ ∝ (TE)c2) is assumed, then
according to our simulation results, c1 and c2 are approximately equal to 1.7/1.6 and 1.1/1.2,
respectively in tissue 1/tissue 2. Furthermore, the firing neuron density has negligible impact
on the values of c1 and c2. This suggests that the dependence of ncMRI signal on TE can be
affected by the neuronal geometry but it is invariant with ρ̄FN. Also, the relationship
between ncMRI signal and TE obtained from this human model is found to be similar to that
from the monkey (18) and rat (19) models. By fitting the data from these two models, the
values of c1 and c2 were obtained and they are equal to 1.7 and 1.2 approximately in both
monkey and rat.

When simulating the ncMRI signal in the multilayer cortical tissues (tissue 1 and 2), to
simplify the simulation procedure, the neuron morphology in the tissues are copied from that
of a single neuron (neuron 1 and 2). Since the cellular morphology and cortical circuits vary
in different cortical layers (22), this simplification may produce error in the estimation of
ncMRI signal. To obtain more accurate results, it is necessary to simulate the ncMRI signal
using a large-scale model of human cortex, in which the variation of neuronal morphology
and the interactions between neurons are fully described. Unfortunately, the complete and
quantitative information regarding the neuronal morphology and cortical connections in
human brain is still lacking up to date, so we are unable to construct such a large-scale
model at the present stage. We will further refine our model when this information is
available.

In this model, a voxel size of 1 × 1 × 1 mm3 was used to calculate the ncMRI signal. This is
smaller than the spatial resolution typically used in human ncMRI experiments (~ 3 × 3 × 3
mm3). The use of a larger voxel size will reinforce the partial volume effects, which will
reduce the intensity of ncMRI signal. Thus, the ncMRI signal changes in a typical human
ncMRI experiment would be lower than that estimated by this model. The simulation results
from the present model gives the upper limit for the ncMRI signal changes that can be
acquired in a human ncMRI experiment.

Luo et al. Page 9

Magn Reson Med. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conclusions
In conclusion, we established a realistic ncMRI model for human brain tissue. It is found
that the intensity of ncMRI signal highly relies on the density of firing neurons and imaging
conditions such as TE, the direction of B0 relative to the tissue surface, and position of voxel
in the direction of tissue thickness. The results indicated that the ncMRI magnitude and
phase signals evoked by physiological stimulation are too weak to be detected in human
subjects. Nevertheless, the phase signal induced by spontaneous response could be much
stronger than evoked activity and reach up to 0.2°. Hence, the phase ncMRI signal elicited
by spontaneous alpha wave activity could be detectable if the optimal experimental
conditions are achieved.
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Figure 1.
(a) Structure and coordinate system of the cerebral cortical tissue. (b) Distribution of neuron
density in six cortical layers. The values of neuron density arenormalized to the average
neuron density in the tissue (ρ̄N). (c) Morphology and coordinate system of two human
pyramidal neurons, which are from prefrontal (neuron 1) and temporal (neuron 2) cortices,
respectively. (d) The relationship of the tissue coordinate system (x-y-z) with the neuron
coordinate system (x′-y′-z′) and the direction of B0.
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Figure 2.
(a) Time-varying membrane potentials at soma in neuron 1 and 2 during 0–50 ms. (b)
Spatial distribution of membrane potentials (Vm) in neuron 1 at t = 2 ms and in neuron 2 at t
= 3 ms. (c) Distribution of z′ component of NMF at t = 2 ms/3 ms produced by neuron 1/
neuron 2 on the x′-z′ plane at its soma ( y′ = 0).
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Figure 3.
Distribution of z component of NMF in the activated tissue 1 (a) at t = 2 ms and tissue 2 (b)
at t = 3 ms on the y-z plane at their soma (x = 0).
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Figure 4.
The relationship between ncMRI signal changes and the density of firing neurons (ρ̄FN) in
tissue 1 (a) and 2 (b). The straight lines in the figure indicate the lines fitted from the data
points.
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Figure 5.
Dependence of ncMRI signal on the position of voxel in the direction of tissue thickness (y).
(a) and (b) show the results obtained with average firing neuron density (ρ̄FN) of 800
neurons/mm3 (corresponding to neuron firing ratio of 10%) in tissue 1 and 2, respectively.
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Figure 6.
Dependence of magnitude (a and b) and phase (c and d) signal changes in the direction of
B⃗0. (a), (c) and (b), (d) show the results of tissue 1 and 2, respectively. The direction of B⃗0 is
specified by the zenith angle of B⃗0 from the positive y-axis (θ) and the azimuth angle of B⃗0
in the x-z plane from the positive x-axis (ϕ).

Luo et al. Page 18

Magn Reson Med. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Dependence of magnitude (a and c) and phase (b and d) ncMRI signal changes on TE for
different firing neuron densities (ρ̄FN = 400–1600 neurons/mm3 with interval of 400
neurons/mm3). (a), (c) and (b), (d) show the results of tissue 1 and 2, respectively.
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