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Abstract

Magnetic source MRI (msMRI) has being developed recently for direct detections of neuronal
magnetic fields to map brain activity. However, controversial results have been reported by
different research groups. In this paper, more evidence was provided to demonstrate that the
neuronal current signal could be detected by MRI using a rapid median nerve stimulation
paradigm. The experiments were performed on six normal human participants to investigate the
temporal specificity of the effect, as well as inter- and intra-subject reproducibility. Significant
activation of contra-lateral primary sensory cortex (S1) was detected 80ms after stimulation onset
(corresponding to the P80 evoked potential peak). The 80 ms latency S1 activation was observed
over 3 independent sessions for one subject and for all 6 participants. The magnitude of the signal
change was 0.2% - 0.3%. Coinciding with our expectations, no S1 activation was found when
MRI data acquisitions were targeted at the N20 and P30 peaks because of mutual cancellation of
magnetic fields generated by those peaks. The results demonstrated good reproducibility of S1
activations and indicated that the S1 activations most likely originated from neuronal magnetic
field rather than hemodynamic response.
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Introduction

Direct detections of transient neuronal magnetic fields using MRI offer several advantages
over the conventional functional MRI (fMRI) techniques, which measure regional cerebral
hemodynamic response induced by neural firing (1-4). Because it directly measures the
effects of neuronal magnetic fields, the novel fMRI technique, termed here as magnetic
source MRI (msMRI), could avoid the assumption of close coupling of regional cerebral
hemodynamics and neuronal activity. It can potentially offer higher temporal resolution and
better spatial localization. The feasibility of msMRI has been studied theoretically and
experimentally by several research groups (5-25). Controversial results have been reported.
Itis currently still a matter of debate whether the technique is practical for mapping neuronal
activity.
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The feasibility of directly mapping neuronal activity has been addressed theoretically.
Divergent conclusions were reached by investigators considering different dipole models or
measuring different parameters (i.e. phase and magnitude imaging). Initially, Singh (5) used
an electrical current phantom to investigate the possibility of detecting the evoked
neuromagnetic field. The neuronal magnetic field inside the brain was calculated on the
basis of the field observed on the surface of the skull. It was reported that the required
measurement of phase shifts was twenty-fold smaller than the sensitivity of the scanner they
used. However, it is possible that the local neuronal magnetic field is much larger than they
predicted since opposite neuronal currents have a cancellation effect which results in a much
smaller field on the skull. Konn et al. (6) modeled neuronal current flow as an extended
current dipole located in a conducting sphere. They demonstrated that the minimum
detectable dipole strength by nuclear magnetic resonance under normal experimental
conditions was similar in magnitude to dipole strengths from evoked neuronal activity.
Further, it has been reported by Konn et al. (6) and Bodurka et al. (7) that phase imaging is a
better approach than magnitude imaging based on the extended current dipole model. Xue et
al. (8) presented a theoretical model which modeled each dendrite as a finite size dipole and
considered contributions from all dendrites located in a typical MRI voxel. They concluded
that the magnitude change of MRI signal is much more significant than phase change of the
signal on a voxel scale, theoretically reaching magnitudes of as much as 2%. Pell et al. (9)
further optimized MR sensitivity to transient and weak currents and suggested that it should
be possible to detect current in nerves using magnitude imaging. Blagoev et al. (10) and
Cassara et al. (11) presented more realistic models to simulate neuronal activities of single
and multiple neurons. Both of them modeled the spatiotemporal distributions of the neuronal
magnetic field. They concluded that MR signal changes were in the detectable range but
depend highly on neuronal morphology and physiology properties.

Experimental results have also been reported by several other labs. Early phantom tests
(7,12,13) showed that it is possible to detect the magnetic fields of the order of 10710 T,
which is similar to the magnitude of the magnetic field induced by neuron firing (26,27).
The feasibility of direct detection of neuronal magnetic field has also been explored in
human subject experiments. Kamei et al. (14) initially applied this technique to obtain maps
of human brain activity by using motor and sensory stimulation paradigms. It was suggested
that neuronal current induced MRI signal changes are dependent on the polarity of field
gradient but other causes (i.e. susceptibility effect) are not, and that neuronal current effects
could therefore be acquired by subtracting functional images acquired with opposite field
gradients. Song and Takahashi (15), Truong and Song (16) demonstrated that a small
neuronal current could be directly detected using MRI by measuring small spatial
displacements induced by the Lorentz force on the conducting materials. In 2003, Xiong et
al. (17) reported that neuronal activity in a visuomotor paradigm could be detected using
gradient echo (GE) EPI sequence with a high temporal resolution (100 ms). Bianciardi et al.
(18) subsequently presented preliminary results showing detection of a neuronal magnetic
field effect using a spin echo (SE) MRI sequence. Liston et al. (19) reported a successful
MRI detection of activations associated with generalized spike-wave discharges in a patient
with epilepsy. Chow et al. (20,21) directly detected spectral components of the magnetic
fields of ionic currents caused by the firing of optic nerve axons in response to visual strobe
stimulation and reported a higher detectability for magnitude imaging than phase imaging.
Petridou et al. (22) used organotypic rat-brain cultures in vitro and demonstrated that
spontaneous neuronal activity could be detected directly using MRI in the absence of a
cerebrovascular system. Several negative results have also been published. A notable result
was reported by Chu et al. (23), who used a clever embedded binary m-sequence probe
method to detect the neuron activity in the visual cortex. They reported the absence of any
rapid phase or magnitude changes in this experiment. Similarly, Parkes et al. (24) presented
a visual stimulation paradigm with random intervals to minimize the prediction effects.
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Their results showed no activity that could be attributed to the neuromagnetic signals. Tang
et al. (25) reported failure to detect the signal changes which were temporally correlated
with the timings of evoked response potentials by using a hybrid ms/BOLD event related
design.

In this paper, we will present a rapid median nerve stimulation paradigm and map brain
activities in the contralateral primary somatosensory cortex (SI). We will investigate the
temporal specificity of msMRI signals and demonstrate high temporal resolution of msMRI
technique. We will also assess inter- and intra-subject reproducibility of our msMRI signals.
Finally, we will discuss the optimal TE for detecting transient and weak neuronal magnetic
fields.

msMRI Signal

A neuron typically consists of a single axon and tens to thousands dendrites. If each axon
and dendrite is modeled as a current dipole, the magnetic field at any observation point P
outside a neuron can be calculated according to the Biot-Savart law. The component of
neuronal magnetic field, B, parallel to the B (of the MRI scanner) will cause the spins at a
point (X, y, z) in the transverse plane to acquire additional phases, ¢1(X, Y, ). The majority
of B, which is the component of the neuronal magnetic field perpendicular to the Bg, will
have no net effect on the spins. Only a small fraction of B, at the Larmor frequency will
act like a B field to rotate the spins at a point (x, y, z) away from the x -y plane. The
fraction is typically very small. The effect of B,, |, therefore, can be ignored (8). Note that
msMRI measures the integration of dephasing effect induced by neuronal magnetic field
during TE. All activated neurons during TE contribute to the dephasing effect. This is
different from MEG which measures the superposition of the neuronal magnetic field
outside brain at a particular time. The MRI signal for an image voxel is an integral of MRI
signal observed at any points (X, y, z) over the voxel:

_ [Ax Ay Az L o) (D) ]
s=[y [o Jopuy.ae dxdydz, (1

where Ax, Ay, and Az are the dimensions of the voxel, p(X, y, z) is spin density. The
magnitude of MRI signal is vector sum of all spins in the voxel. Since the additional phase
can be positive or negative, the vector in the direction which is perpendicular to the rotating
frame of reference will cancel each other out and can be ignored. The magnitude of MRI
signal in the rotating frame of reference, therefore, is decreased by a factor of cos(o1(X, Y, 2))
and the magnitude change can be written as:

Ax Ay Az
ASm=[y" [ [P (x.3.2) (1 = cos (@1 (x.y,2))) dxdydz. f2]

Since the additional phase shift p1(X, y, z) is pretty small and very close to 0, according to
the Taylor expansion, Eq. [2] can be rewritten as

v )2
ASy~ [3[3 [3p(xy.2) dedyd& 3]

The magnitude change of MRI signal is roughly relative to the square of phase shift induced
by the neuronal magnetic field. More details regarding field distribution, orientation and
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temporal dynamics of the neuronal magnetic field have been discussed in the previous
theoretical paper (8).

For BOLD fMRI, the percentage signal change has a linear relation with TE and the contrast
to noise ratio (CNR) is known to be optimized when TE=T2*. However, msMRI measures
the accumulated dephasing effects of neuronal activity during the entire TE, msMRI signal
should be stronger if a longer TE is used. Assuming these fired neurons are uniformly
distributed within TE, the additional phase shift induced by neuronal magnetic field is linear
to the length of TE. Based on Eq. [3], this relationship leads to

AS,, < TE>. [4]

By taking into account the effect of T2* decay of spins and assuming noise is constant, the
CNR is related to

AS,, _IE
CNR,, « SNR* =22 .o T o« TE? - ¢
So [5]

_IE
Tp+

It can be concluded that the maximal CNR happens when TE equals twice T2*. The T2*
value varies with brain area and also highly depends on shimming. For grey matter, which is
the tissue compartment we are interested in, the commonly used T2* for gray matter at 3T
scanner is 40ms (28). The optimized TE is 80 ms. The real distribution of fired neuron is not
uniform. The majority of neuron fired in a limited duration. So the additional phase shift is
no longer linear to the length of TE. The optimal TE, therefore, should be less than twice
T2*.

Six healthy subjects (two men and four women, aged 25-32) participated in this study. All
subjects were right handed. Informed consent in accordance with local and federal standards
was obtained from each participant prior to the study. Subjects lay supine inside the magnet
bore throughout the experiment during the presentation of electrical stimuli. Head
movement was minimized by mild restraint and cushioning.

Unilateral stimulations were delivered to the median nerve at the right wrist by a Grass S8
stimulator. The electrical noise from the stimulator is not significant based on our phantom
and human test. The electric stimulus was a square wave pulse with a duration of 0.2 msec.
The shock intensity was adjusted to obtain a thumb twitch. Pulse amplitudes ranged from
80-120 V. Subjects were asked not to actively perform any task, but to keep still and awake.
By only detecting the passive neuron response to the electrical stimulation, variances in
response timing due to subject motivation and attention have been minimized. Because
msMRI directly detects neuronal response and has high temporal resolution, reducing
uncertainties in stimulus timing can greatly enhance the sensitivity for msMRI signals that
occur in a narrow temporal window.

Unilateral stimulation of median nerve activates the contralateral primary somatosensory
cortex (SI). A series of somatosensory evoked potentials (SEPs) (i.e. N20-P30-N45-P80) in
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area Sl have been reported by Allison et al. (29,30) who directly recorded SEPs from the
exposed cortical surface. The timing information, therefore, directly reflects the neuron
activity in the cortex (29,30) To investigate temporal properties of msMRI signals, we
targeted our data acquisitions at different components of the SEPs (N20/P30 and P80). The
earliest cortical response peaks at 20ms after median nerve stimulation. This negative peak
(N20) originates at area 3b of the SI cortex. In other words, the direction of the intracellular
current is from the deep layer towards the superficial layer of area 3b of the Sl cortex,
consistent with excitation in the deep cortical layers. The next deflection has the opposite
polarity and peaks at 30-35 ms (P30) after stimulation. This P30 response most probably
reflects net intracellular current from surface to depth in the SI cortex. The late potential,
P80, was reported by Allison et al. (29) and this component localizes to Brodmann area 2
(BA2).

There are several advantages for the rapid median nerve stimulation design over previous
designs. The stimulus onset asynchrony (SOA) and timing of the neuronal response could be
accurately controlled. Moreover, the BOLD effect was minimized by the design. Different
SOAs were used to detect the different response components and demonstrate the temporal
specificity of msMRI effects.

Protocol and Data acquisitions

All MRI data were acquired at Siemens 3.0 T Trio scanner (Siemens Medical Solutions,
Erlangen, Germany). T1-weighted anatomical images were acquired to facilitate the precise
determination of the brain structures. The parameters for T1-weighted images were:
TR=1590 ms, TE=2.48 ms, flip angle=10 degrees, voxel size=0.86 x 0.86 x 6 mm3. Both
BOLD imaging and msMRI imaging were performed on each subject. BOLD imaging was
performed first to identify activated brain regions. Sixteen slices were selected and a
conventional block design was used with three 40 sec off-on cycles. The stimuli were
delivered every two seconds during the task block. A gradient echo EPI pulse sequence was
used with imaging parameters: TR=2000 ms, TE=40 ms, flip angle=80 degree, in-plane
resolution 3x3 mm? and slice thickness 5 mm with 1 mm gap. Activation maps were
calculated immediately after the scan by using an online t-test analysis.

In the msMRI phase of the experiment, a gradient echo EPI pulse sequence was used with
TR/TE/flip angle parameters of 300 ms/60 ms/40 degree. An inter-stimulus-interval (1SI) of
600 ms was used to drive the BOLD MRI signal to steady state. Each run included 600
stimulation ON/OFF cycles with two images for each cycle (one ISI). Stimulus delivery was
synchronized with the trigger signal from MRI scanner to provide accurate control on
timing. Three contiguous slices were scanned with ascending order. The middle slice was
targeted on the subjects' S1 area. In this experiment, we were concerned to detect the
dephasing effect of neuronal magnetic field in this area. Three different SOAs were used in
our msMRI experiments. Figure 1a shows the timing for detecting msMRI activation at
80ms latency. Data was acquired from 50 ms to 110 ms after stimulation onset so that the 80
ms latency component completely fell into TE. Figure 1b shows the timing for detecting the
early components (0~60 ms). In Figure 1c, the electrical stimuli (100 ms after the trigger
from scanner) were delivered after the target slice was scanned. For this case, the data from
the target slice should not contain any neuronal current effects induced by stimulation.
Control scans in which no stimulation was applied were also performed for every subject.

Data analysis

The MRI images were processed in the MATLAB environment (MathWorks Inc., Natick,
MA, USA). The first 40 images of each run were discarded to allow hemodynamics and
MRI signal to reach a steady state. A two-dimensional (2-D) motion correction was carried
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out to minimize in-plane motion. Data interpolation between image slices was purposely
avoided because different slices were acquired at different times. Voxel-by-voxel linear
detrending was used to remove the linear drift of the MRI signal. The heartbeat rate and
respiration rate of the subject were measured before each scan and a proper temporal high
pass filter was then applied to remove the respiration frequency and the aliased frequency of
the heartbeat. A mean image was created for each off-on cycle by averaging the time-series
in the cycle, and then subtracted from each image to create residual images. A 2-D spatial
Gaussian filter with a full width at half magnitude (FWHM) of 4.5 mm was applied. A
group student's t-test was then performed on the residual images. The t map was then
thresholded using an intensity threshold of 3.0 (P< 0.0013) and cluster size threshold of two
voxels to detect significant activation assuming the msMRI activation extended several
mm?,

Figure 2 shows BOLD activation maps for two contiguous slices which cover primary
sensory cortex (S1). Activations were found in contralateral S1 (close to BA2), primary
motor cortex (M1) and the supplementary motor area (SMA). These results are consistent
with previous fMRI studies conducted with similar electrical stimulation (31,32).

To assess the consistency of msMRI signal across different scan sessions, msMRI
experiments were performed on one of the subjects in three different scanning days. The
activation maps for the 80ms latency component and for the control scans are shown in
Figure 3. Significant activations were found close to Brodmann areas 2 (BA 2) for all three
80ms latency scans (Figure 3a-3c). Since the 80ms latency component is the late response of
median nerve stimulation, the locations of the activations are closer to the anterior wall of
the postcentral sulcus (BA 2), rather than the posterior wall of the central sulcus (area 3b)
where the early components (N20, P30) were expected. Our results are consistent with the
location of P80 potential reported by Allison et al. (29). Activations were also found in some
other areas (i.e. M1) but not consistent over all scans. Control scans in which no stimuli
were applied were also performed for each session. As expected, the activation maps for the
control scans (Figure 3d-3f) are much cleaner than the 80ms latency activation maps.
Specifically, no control scan demonstrated activation in the S1 area.

Time-course plots corresponding to the activated area and the non-activated area in 80ms
latency scans are shown in Figure 4. Each point on the time course was calculated by
averaging 120 images. There is a significant magnitude change between baseline and
activation in the activated S1 area. The mean magnitude of signal change was 0.24%. Our
result is similar to the finding reported by Chow et al. (20), who demonstrated a 0.15%
perturbation of baseline signal in their experiment. To estimate the MRI signal change
induced by fluctuation of BOLD signal, a theoretical calculation was performed to simulate
BOLD effect using Gamma variate function. We assume that the magnitude of event related
BOLD signal is 1.5% and ISI is 600 ms. To simulate the nonlinear relationship between the
neuronal activation and BOLD response, we used 100ms jitter to simulate the time variance
of BOLD response. We also considered the magnitude of BOLD response with 20% random
change. The maximal MRI signal variation due to the fluctuation of BOLD signal is less
than 0.05%, which is much smaller than the msMRI signal we measured and can be safely
ignored.

Identical experiments were performed on six individual subjects to assess the reproducibility
of msMRI results with this paradigm across different subjects. msMRI activation maps for
the 80ms latency component for these subjects are shown in Figure 5. All subjects
demonstrate an S1 response in the vicinity of the posterior wall of the post central sulcus. By
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contrast, activations in other brain areas were not as reproducible. This inconsistency might
relate to less direct temporal connection of these responses to stimulation times, or to
differences in slice positions and orientations across different subjects.

Different stimulus onset asynchronies were used to explore the timing effect of msMRI. As
Figure 1b and 1c show, the onsets of stimuli were adjusted to acquire the activation maps
induced by different components. Figure 1b shows the timing for measuring dephasing
effects of early components (0~60ms). Since there are several SEPs with opposite
orientations during this time, the overall dephasing effect of these SEPs are weakened by a
cancellation effect. Our result (Figure 6b) demonstrated no significant activation in the S1
area, which agrees well with our expectation. Figure 1c shows the paradigm in which the
images were acquired before stimulation. No msMRI effect was anticipated in this scan. As
expected, the activation maps (Figure 6c¢) are much cleaner than the 80ms latency activation
maps. We found no activation in S1 area.

To demonstrate the TE dependence of msMRI, additional scans for TE=30, 60 and 80ms
were conducted. All experiments were performed on a single subject (Subject 6) on the same
day. The timing of stimulation onset was adjusted so that the center of TE (TE/2) was
always located at 80ms after stimulus. Data was processed for each individual TE to
generate three activation maps (one for each TE). A ROI was defined by combining all
activated voxels in the S1 area of the three activation maps. Figure 7 shows the activation
maps for three different TEs. We found significant activation in S1 area for both TE of 30
ms and 60 ms, but no activation in S1 area for TE of 80 ms. The signal percentage changes
in the ROI for TE =30, 60, 80 ms are 0.15%, 0.26%, 0.25% respectively. While the signal
percentage change for TE of 80 ms was close to TE of 60 ms, the CNR for TE of 80 ms was
only 57% of the CNR for TE of 60 ms by taking into account the T2* decay. This may
explain why no activation is detected for TE = 80 ms. Figure 8 shows the simulated and
experimental signal percentage changes for different TEs and different distributions
(uniform and normal distributions). For the normal distribution, the peak is located at 80ms
after the stimulation onset and the variance is 225 (N(80, 225)). The neuronal magnetic
fields and signal percentage changes were calculated based on our previous theoretical
modeling paper (8). Since the duration of neural firing was limited (60 ms), the maximal
signal percentage change was happened when TE=60 ms. The measured signal percentage
changes were between the simulated signal percentage changes for uniform distribution and
normal distribution. Based on our calculation, the optimized TE is around 40ms for the
normal distribution and is 80ms for the uniform distribution. Therefore, we believe that the
optimal TE for detecting the dephasing effect induced by P80 component should be between
40 and 80ms (A TE of 60 ms was used in our experiments).

DISCUSSION AND CONCLUSION

In this work, we present a rapid median nerve stimulation paradigm for the detection of
msMRI signal. Our initial results are demonstrating a consistent 80 ms latency activation of
the primary somatosensory cortex, within subject and across subjects. Earlier components
were not detected, consistent with the expected cancellation effect of bi-polar neuronal
magnetic fields. As expected, the magnitude of the msMRI signal was 0.2%~0.3%.

1. Consistency

As our results indicate, msMRI contrast is much weaker than BOLD contrast. Despite the
small magnitude of the signal, it is consistently present. In subject 1, S1 activation was
demonstrable in each of three sessions, conducted on different scanning days (Figure 3).
Significant activations were found in S1 and M1 areas in 80ms latency scans. No such
activations were seen in these areas in the control scans on each date. The result was also
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consistent across subjects. S1 was activated in each of the six individuals, implicating a
sector of the anterior wall of the postcentral sulcus (Figure 5). Activations in other brain
areas were not very consistent across different subjects and different sessions for the same
subjects. Possible reasons for such inconsistency include: 1) Variations in slice incidence
and location. In our experiments, the slice positions were manually selected for each repeat
scans to cover the S1 areas. We paid a little attention to other brain areas. Slice orientations
and positions may change from scan to scan. The activations in other areas will be missed if
they are not in the same slice. The variations in slice orientations and potions will increase
the inconsistent in activation. 2) The temporal TE window we selected in our experiment
was optimized to detect the activity in area S1. The activities in other brain areas may have
different onset and offset times and may have different waveforms. This will increase
variability of brain activation, even for the scans acquired for the same subject with different
timing. 3) The responses in other areas may have a larger variance in both timing and
magnitude across subjects. For example, even though the activations in SMA can be clearly
identified in BOLD results, it has been reported that no ERPs can be detected in this area
(33). 4) Those activations could also be induced by random noise, motion and, physiology
artifacts. We could not completely rule out this possibility.

2. Timing effect

msMRI is a technique with high temporal resolution. It is thus quite sensitive to the onset
and offset of stimulus. Different components of neuronal responses are measured by using
different SOAs. In our experiments, three different SOAs (-50 ms, 0 ms and 100 ms relative
to the trigger from scanner) were used in msMRI scans to measure the dephasing effect of
different components. Our results demonstrated that neural responses with different latencies
had different dephasing effects. The 80 ms latency component is a relatively long response
that doesn't change orientation (sign) during TE. The overall msMRI contrast, therefore, will
be maximized since msMRI measured an accumulated dephasing effect during TE. In
contrast, early components (0~60 ms) include several SEPs with opposite orientations
(signs) that are spatially proximate to each other, e.g. in adjacent banks of the central sulcus.
The dephasing effects will be canceled out and make these components undetectable. This
notion is consistent with our results (Figure 6b). When the target slice was acquired 100ms
before the stimuli were applied, no dephasing effect was anticipated. As expected, there are
no activations found in S1 area (Figure 6¢). Bianciardi (18) reported similar temporal
property. They used spin echo sequence to reverse the dephasing effect from the opposite
neuronal magnetic fields and minimized the cancellation effect. In short, gradient echo
sequence is suitable to detect the neuronal current effect without sign change. In contrast,
spin echo sequence may be a good choice for neuronal magnetic field with sign change. The
timing property supports our claim that the activations we detected were most likely from
neuronal current effects rather than hemodynamic response.

3. msMRI vs. BOLD contrast

Neuronal activity induces not only neuronal magnetic field, but also a change of blood flow
or blood oxygenation level. Thus it needs to be discussed whether our activations were
actually due to msMRI contrast or perhaps to BOLD effect or noise. We believe the results
we reported are indeed msMRI effects, for the following reasons. 1) In this study, we used a
high stimuli presentation rate to drive the BOLD response to steady state. BOLD response
was saturated in the steady state in this case. All the data were acquired during this steady
state phase. Further, each trial consists of one activation image and one control image. The
activation state is directly compared to the control state. Any signals common for both the
control and the activation images were removed. Since each trial was acquired with very
short interval (600 ms), the slowly changing BOLD effect and other physiological noises
were better suppressed. The BOLD contribution is less than 0.05%, based on our
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simulations. The signal from neuronal currents, therefore, should be the dominant signal. 2)
msMRI has a high temporal resolution and is very sensitive to the timing of stimulation.
Different SOAs may generate complete different results. The BOLD response, however, is
slow and long lasting, and much less sensitive to the SOAs. In addition, BOLD contrast has
no such cancellation effect since the blood oxygenation level always increases when neurons
are activated. Therefore, the strong SOA dependence of our results strongly suggests that the
activations we found were induced by neuronal magnetic fields rather than BOLD effects.

A long ISI design was also performed for this study. A pretty long ISI (19.8 sec) was used to
allow the BOLD signal return to baseline. Most contribution from the BOLD effect was
eliminated. However, this design is not very time efficient. Only 18 pairs (18 controls and
18 activations) of data were collected in a 6-min long scan. No significant activation was
found in S1 area. The reason, we believe, is that the SNR is not high enough for detecting
neuronal signals. For comparison, we collected 600 pairs of data in our short ISI design. It
would take an extremely long scan session (hours) to achieve a similar SNR for the long ISI
design. Similar discussion and conclusion have been presented in Hagberg et al's paper (34).

4. Optimal TE

As we stated in the method section, TE selection depends on 1) T2* values 2) duration and
shape of the neuronal magnetic field. For an infinitely long and uniformly distributed
activation, the optimal TE is two times T2* of the tissue. When the duration of activation is
limited and the shape of neuronal magnetic field is not uniformly distributed, the optimal TE
is less than two times T2*. In this study, the P80 component lasts about 60ms (29). A long
TE (>60ms) would not increase signal percentage change but result in a lower CNR. The
signal percentage change for TE=80 ms was 0.25% which was similar to the signal
percentage change for TE=60 ms (0.26%). However, the CNR for TE of 80 ms was only
57% of the CNR for TE of 60 ms by taking into account the T2* decay. Moreover, the real
distribution of fired neurons were not uniformly distributed during TE. The majority of
neuron fired around 80 ms after the onset of stimulation. Our results (Figure 8) demonstrated
that the optimal TE for detecting the dephasing effect induced by P80 component should be
between 40 ms and 80 ms. The TE of 60 ms we used in this experiment should be good
selection while it may not be a optimal value. More detailed studies are needed to clarify this
issue.

5. msMRI CNR

A previous MEG study (33) has reported that the evoked magnetic fields on the scalp (2-4
cm away from the current source) are on the order of AB=10"13 T. It could be assumed that
at least 50,000 or more cortical neurons that occupy an area of a few mm?2 must fire
simultaneously and coherently to generate such a field strength (26,35). Since msMRI
measures the accumulated effect of neuronal magnetic field, the overall signal changes
induced by neuronal magnetic field during TE (60 ms used in this study) could be 0~0.7%
based on the model of Xue et al. (8). It should be noted that 0.7% is the signal change for the
extreme situation (all dipoles are in the same direction). For real application, the signal
change should be smaller than 0.7%. From our experiment results, we found a 0.2%~0.3%
signal change, which is in the range of the signal change predicted above.

To increase CNR, a total of 1200 images, 5-10 times more than conventional BOLD fMRI,
were acquired to improve the statistic power. By taking account of the lower magnitude of
msMRI signal and lower flip angle we used in this experiment, the overall CNR is about five
times lower than BOLD imaging. Nevertheless, it is still possible for current MRI
techniques to detect the activation. Besides system noise, some other sources of noise could
also potentially lower the CNR and decrease msMRI signal detectability. Physiological
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noise, such as heartbeat (1.1-1.4 Hz) and respiration (0.15-0.25 Hz), is significant for
experiments aiming at detecting neuronal currents by MRI. Our simulation rate was chosen
as 1.67 Hz to avoid these physiological frequencies. A temporal high pass filter was applied
to minimize the physiological noises. In addition, since each slice was acquired at a different
time, any interpolations between the slices could be avoided. CNR, therefore, will suffer
from the movement of the subjects, especially in longitude direction.

In summary, this study shows a transient and weak, but consistent task-induced msMRI
signal detected in S1 by msMRI. The magnitude change of MRI signal was around
0.2~0.3%. The intrinsic temporal sensitivity of msMRI technique is demonstrated. This
temporal sensitivity must be respected in experimental design. While we demonstrated
msMRI signal is in the detectable range of current fMRI technique, CNR is still much lower
than BOLD imaging. Further work is required to improve experiment design and CNR to
confirm our findings.
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FIG. 1.

(a) The msMRI paradigm for detecting the 80 ms latency component. Data were acquired
50ms~110ms after stimulation onset (sampling A). (b) The msMRI paradigm for detecting
the early components. Data were acquired Oms~60ms after stimulation onset (sampling A).
(c) Data were acquired (-100~-40ms), i.e., before stimuli were presented (sampling A). No
msMRI effects were obtained in this scan. Sampling B is control image.
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Slice 1

FIG. 2.

BOLD activation maps for two contiguous slices which cover S1 and M1 areas. Significant
activation clusters were found in contralateral primary sensory cortex (S1), and primary
motor cortex (M1).
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FIG. 3.

Figure 3a-3b shows msMRI activation maps of 80ms latency component for subject 1 on
three different scanning days. The slice positions were manually selected to be as similar as
possible. Activations in S1 were replicated. Figure 3d-3f shows the activation maps for the
control scans in which no stimuli were applied. As expected, no activation was found in area
S1.
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FIG. 4.

Time-course plots corresponding to the activated S1 area (a) and non-activated area (b) in
80ms latency effect scans. Odd numbers indicate stimulation On, even numbers represent
the resting state. Each point on the time course represents an average of 120 images. The

signal variance in activated S1 area was about 0.24% with good trial-by-trial consistency.
The signal variance in the non-activated area is about 0.05%, and looks more random.
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FIG.5.

(a)-(f) are correspond to activation maps for subjects 1-6. All scans used an identical
protocol. Activations in area S1 have good consistency across subjects, but activations in
other areas (e.g. M1) have less consistency.
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FIG. 6.

Activation maps demonstrating the timing effect. Figure 6a-6¢ shows the dephasing effects
for the 80ms latency component, early components and the control scan acquired before
stimulation. Significant activation was found in S1 area in figure 6a, but was not found in
figure 6b or 6¢. The absence in 6b is probably due to a cancellation effect as discussed in the
text. The absence in 6¢ is expected because the stimulus had not been applied when the data
were acquired.
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FIG. 7.

The activation maps for TE of 30 ms, 60 ms and 80 ms. Significant activations were found
in S1 area for both TE of 30 ms and 60 ms. There was no activation in S1 area for TE of 80
ms. While the signal percentage change for TE of 80 ms was close to TE of 60 ms, the CNR
for TE of 80 ms was only 57% of the CNR for TE of 60 ms.
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FIG. 8.

The signal percentage changes for different TEs and distributions. For the simulated data
(solid line), a limited duration (60ms) of neuronal activity was assumed. No opposite
neuronal magnetic field was considered. We assumed that the total number of neurons fired
during the TE are same for both uniform and normal distributions. All data have been
normalized to TE of 30 ms.. The TE was centered at P80 component (TE/2 was located at
80ms after stimulus).
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