
Failure to Direct Detect Magnetic Field Dephasing Corresponding
to ERP Generation

Abstract
fMRI has become the method of choice for mapping brain activity in human subjects and detects
changes in regional blood oxygenation and volume associated with local changes in neuronal activity.
While imaging based on blood oxygenation level dependent (BOLD) contrast has good spatial
resolution and sensitivity, the hemodynamic signal develops relatively slowly and is only indirectly
related to neuronal activity. An alternative approach termed magnetic source MRI (msMRI) is based
on the premise that neural activity may be mapped by MRI with greater temporal resolution by
detecting the local magnetic field perturbations associated with local neuronal electric currents. We
used a hybrid ms/BOLD MRI method to investigate whether msMRI could detect signal changes
that occur simultaneously at the time of the production of well defined event related potentials, the
P300 and N170, in regions that previously have been identified as generators of these electrical
signals. Robust BOLD activations occurred after some seconds, but we were unable to detect any
significant changes in the T2*-weighted signal in these locations that correlated temporally with the
timings of the ERPs.

Introduction
There is continuing interest in the development of improved methods for mapping brain
function and organization. Functional MRI (fMRI) is one of the most important and useful of
current techniques and is based on the sensitivity of MRI to changes in blood oxygenation,
flow, and volume that accompany with changes in brain activation [Ogawa, 1990]. The spatial
and temporal resolutions of this technique are limited by the nature of the coupling between
neuronal electrical activity and the corresponding hemodynamic response. Spatial resolutions
on the order of 1 mm and temporal resolutions on the order of 1 sec are readily achieved. There
is considerable interest in developing methods to map neural events with greater temporal
resolution.

Signal transfer along an axon is based on the ability of the membrane to alter its permeability
to Na+ and K+ ions. These changes are caused by the opening of voltage-sensitive channels
as a result of an approaching action potential. The action potential can be approximated by two
oppositely oriented current dipoles whose separation depends on the conduction velocity. The
magnitude of each dipole is about 100fAm. Although the precise natures of neural currents are
complex, they generate weak magnetic fields within tissue that in principle may affect NMR
signals [Cohen, 1984; Nunez, 2001; Bandettini, 2005]. One approach to detecting these fields
is to try to measure the spatial displacement induced by neuronal electrical currents by the
Lorentz effect [Song, 2001; Truong, 2006]. In addition, several groups have suggested that
neural activity may be detected by MRI by measuring the signal losses and/or phase shifts
produced by the local magnetic field perturbations associated with the local electric currents
[Bodurka, 2002; Xiong, 2003]. This general approach has been termed magnetic source MRI
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(msMRI). Calculations predicting the magnitudes of these effects support the possibility that
msMRI may be able to map neuronal activity in the human brain at high temporal and spatial
resolution.

MR signals decrease when R2* (1/T2*) increases, which may arise whenever the nuclei within
a voxel experience different magnetic fields for significant time intervals so that their NMR
signals become dephased. In principle the local currents caused by neuronal activity could
cause such effects. The msMRI protocol reported by Xiong et al 2003 measured the integrated
activation within a short time frame (on the order of msec) [Xiong, 2003]. They showed that
msMRI signals were measurable and equal to 1.12%±0.54% of the background MRI signal.
They also tested the relationship between the msMRI signal strength and the echo time (TE).
A nonlinear relationship between TE and msMRI magnitude was observed as predicted by a
theoretical model. The data fit well with a quadratic current-dipole model of the magnetic fields
induced by neuronal firing [Hobbie, 1997].

Unlike Bodurka’s methods [Bodurka, 1999; 2002], which were based on measuring net signal
phase changes, the method of Xiong et al. was based on measuring changes in signal magnitude
in standard fMRI techniques. Xiong et al. postulated that both positive and negative phases of
MRI signals could destructively add, so that no net phase is detectable. On the other hand, the
magnitude of the MRI signal may significantly change due to neuro-magnetic fields. Nuclear
spins experiencing local field inhomogeneities produced by neural currents may lose phase
coherence, resulting in a decrease of MRI signal magnitude. They proposed that magnitude
measurements could be more sensitive for measuring in vivo neuronal activity than phase
measurements. Experimentally, Chow et al. showed evidence of phase cancellation in the optic
nerve and visual cortex, and demonstrated that only amplitude changes would be expected
[Chow, 2004].

Neural activity involves the excitation of multiple neurons in complex patterns of firing and
spiking. However, event-related electrophysiological studies have been explored for many
years and several experimental paradigms in common use produce a relatively large amplitude,
well defined surface potential at a specific time after a particular type of stimulus is presented.
These so-called ERPs are often the results of a few discrete regions generating relatively large
amounts of activity at specific times. We postulated that within a focal generator of an ERP,
there should be significant neuronal currents that could induce MR signal dephasing at or
around the time of the appearance of the surface ERP. We therefore looked for MR signal
changes at the time of well known ERPs in those regions believed to be active in their
production.

In the present study, we adapted the method of Xiong et al. [Xiong, 2003] to investigate whether
we could detect an msMRI signal correlated in time and amplitude with two well defined event
related potentials (ERPs), in locations previously identified as putative generators of the ERPs.
The two ERPs investigated were the P300 produced by auditory oddballs, whose amplitude
increases with decreasing frequency of the oddball event [Horovitz, 2002], and the face-
sensitive N170, whose amplitude decreases with increasing noise level in the face presentation
[Horovitz, 2004].

Method
The study was designed to identify regions of msMRI signal change associated with a well
characterized brain activation paradigm, and to confirm that any signal changes observed are
due to currents produced by neural activity. Our strategy was to use a paradigm in which the
level of neural activity within a region could be modulated in a predictable manner, as measured
by the electrical evoked response potential (ERP), and by subsequent event-related BOLD
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fMRI signal changes. We selected the auditory “oddball” paradigm and a face-sensitive
paradigm, because it has been shown that the amplitude of the P300 and N170 responses can
be modulated in a predictable manner.

Subjects
A total of 12 healthy volunteers (5 females, mean age 25.6, range 20–32 years) participated in
the Auditory Oddball studies. Five of the subjects participated in the ERP experiments, five of
the subjects in the BOLD-fMRI experiments, eight of the subjects in msMRI experiments and
three of them participated in all experiments. Among these volunteers who participated in the
Auditory Oddball studies, 4 healthy volunteers including 2 females with age range from 21 to
29 (mean age=25.5) also participated in the Face-Sensitive MRI studies.

All subjects had normal hearing and normal or corrected-to-normal vision. A written informed
consent was obtained from all volunteers prior to the examinations. All subjects were instructed
to maintain constant attention throughout all experiments.

Stimulus Presentation
Auditory oddball - Auditory stimuli generated by E-prime (Psychology Software Tools, Inc)
were presented to healthy subjects every 1.2s. The frequent stimuli were 1kHz tones of 100ms
duration, while rare stimuli -“oddballs”- were 1.5kHz tones of the same 100ms duration (Figure
1). The interval between oddballs was varied within runs to produce oddball presentation
frequencies of 4%, 6% and 8% (Table 1). The different probabilities of oddballs were presented
randomly. In total 50 oddballs for each presentation frequency were presented in 5 runs.

Face processing - Visual stimuli generated by E-prime (Psychology Software Tools, Inc) were
presented to healthy subjects for a period of 500 ms every 1.5s. In order to localize the area,
before the event-related experiments, a block-design Face-Presentation experiment in which
randomly intermixed block of 30s different faces presentation plus 20s fixations with block of
30s objects presentations plus 20s fixations were presented to obtain a sustained hemodynamic
responses. The frequent stimuli were pictures of cars, while pictures of faces with different
noise levels of 0%, 20% and 100% were presented every 19.5s (Figure 2) in event-related
fashion. 24 face pictures were presented to the subject in one run.

Data Acquisition
ERPs were collected from electrode Pz using an electrocap and recorded on a computer running
Scan4.2 and controlling SynAmp amplifiers (Neuroscan, Inc). The temporal resolution was set
to be 2msec, band pass filter 0.05–100 Hz and Gain is 500.

BOLD functional images were acquired on a 3T Philips Achieva (with a 6-channel head coil,
SENSE factor = 2) using a gradient echo EPI sequence; slice thickness=5mm, gap=1mm,
TE=35ms, flip angle=70°, FOV=22x22cm2 and acquisition matrix size=80×80 reconstructed
to 128×128. 16 axial slices with TR=1.2s were acquired for the Auditory Oddball experiments,
and 10 coronal slices with TR=1.5s for the block-design Face- Presentation experiments. A
tool on the PHILIPS scanner console called iViewBold can describe simple block design
paradigms and perform analysis while scanning and display correlation/activation maps in real-
time. These real time activation maps are helpful for picking up the slice containing the region
of interest.

For magnetic source MRI (msMRI) studies, the imaging parameters were the same except that
only 1slice containing an ROI of interest was obtained. MR images of the slice including the
supramarginal gyri were acquired at 325 or 425 or 525msec after presentation of the “oddball”
in the P300 study. MR images of slices including the fusiform gyri were acquired with either
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170msec or 180msec or 400msec delay relative to face stimulation onset in different runs.
These delays were chosen in order to be able to study the time course of the T2*-weighted MR
signal before and after the mean time of the maximum P300 or N170 ERP amplitudes (Figure
3).

Data Analysis
Scan4.2, SPM2, BrainVoyage QX and custom analysis package running under MATLAB were
used for data analysis. A general linear transform model (GLM) [Friston 1995], which assumes
that the fMRI signal possesses linear characteristics with respect to the stimulus and that the
temporal noise is white, was used to estimate the response. We first used a correlation template
generated by convolving the box-car function of the stimulation paradigm with a canonical
fMRI impulse response function described by Friston et al. [Friston 1994] to do the cross-
correlation analysis [Bandettini 1993]. Cross-correlation maps were thresholded (P < 0.001)
to generate activation maps. Then a 1×3 voxel ROI was identified from the activated voxels.
Within the ROI, a resting baseline was calculated for each “oddball” / face-presentation cycle
by averaging 2 images obtained right before stimulus onset, then the percentage average
intensity changes through time were calculated and showed as a time course.

Results
It was previously established that the N170 amplitude monotonically decreases as Gaussian
noise is added to the picture of a face [Horovitz 2004]. We have also previously confirmed the
inverse relationship between P300 amplitude and “oddball” frequency. The P300 amplitude
decreases as “oddball” presentation frequency increases. Our studies confirmed the same
behaviors (Figure 4).

Conventional event-related BOLD-fMRI analyses by cross-correlation analysis identified the
same regions that showed covariations of BOLD signals and ERP amplitudes as previously
described (Figure 5). For example the BOLD signals in the supramarginal gyrus (SMG) and
anterior cingulate (ACG) [Tarkka, 1995 & 1998;Mulert 2004] and the P300 amplitude at Pz
showed significant inverse correlations with the “oddball” frequency [Horovitz, 2003]. In
addition, the BOLD signals in face fusiform gyrus (FFA) and the N170 amplitude showed
inverse correlations with noise level [Horovitz, 2004].

Despite these robust BOLD activations which peaked several seconds after ERP, we have so
far been unable to identify reliable msMRI signal amplitude changes at or near the timing of
the ERPs that correlate with the corresponding ERP or BOLD data. Spatiotemporal activation
maps (t-test) from a hybrid ms/BOLD fMRI study showed no significant signal loss (P<0.1)
in SMG and ACG in auditory “oddball” studies for all 3 different offsets at 300~500ms after
the oddballs. Early fMRI signal changes in FFA at different times after onset of face-
presentation also showed no difference. Figure 6 shows the T2*-weighted signal time courses
for N170 runs where images were synchronized to 170, 180 or 400 ms post stimulus, and shows
no difference in the mean signal at any of those times, and no difference from the prestimulus
signal. Similarly, no significant signal changes were seen at times corresponding to the P300
ERP in the auditory oddball condition.

Conclusion and Discussion
These experiments used an event-related design to probe the response of the T2*- weighted
MRI signal at the time and in the locations of well-characterized ERP generators. We found
no reliable evidence of changes in the MRI signal occurring at those times and locations when
maximal neural activity (as judged by the surface ERP) is expected. These results suggest that
the effects of neural dipole currents on the T2*- weighted signal which have been proposed as
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a direct measure of neural activity, lie below the level of detection at 3T using the paradigm
investigated here, or that the maxima in these ERPs do not correspond to times of significant
current-induced dephasing.

We aimed to establish whether msMRI is a reliable method that greatly increases the temporal
resolution of MRI for detecting changes of neuronal activity with no compromise of spatial
resolution. We were unable to identify reliable signal changes due to these stimuli at times
other than when the BOLD hemodynamic effect has developed some seconds after the causal
event.

While transient magnetic field effects have shown promise in studies performed in vitro
[Bodurka, 2002; Konn, 2003; Park, 2004; Petridou, 2006], they have not been reliably validated
in vivo. Various methods have been used to increase the detectability of magnetic fields. For
example, others [Chu, 2004; Bianciardi, 2004; Parkes, 2007] introduced methods that can
separate neuromagnetic field effects from BOLD effects, and they did not see significant effects
related to magnetic field changes associated with human neuronal activity. Thus our study
supports these other finds. The sensitivity of MRI for detecting amplitude changes produced
by neuronal currents is too low to be practically useful.
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Figure 1.
Auditory oddball paradigm

et al. Page 7

Magn Reson Imaging. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Face-presentation paradigm: black-car pictures were presented; red-0% noise added to the face
picture; green-noisy image was created by adding gaussion noice with standard deviation of
20%; blue-noisy image was created by adding gaussion noise with standard deviation of 100%.
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Figure 3.
Magnetic Source MRT (msMRI) images were acquired with offsets relative to stimulation
onsets.
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Figure 4.
P300 amplitude decreases as “oddball” presented frequency increases.
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Figure 5.
Left Panel: BOLD activation map for the auditory oddball experiment; right panel: Activation
map for face-sensitive experiment P<0.001
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Figure 6.
Time courses of functional MRI signals in ROI(FFC) with different offsets relative to the
stimulus (face) onset. These are no significant difference in the mean signal at 170, 180 or 400
ms post stimulus, and no differences from the prestimulus signal.
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Table 1
Auditory oddball paradigm: the interval between oddballs varied to produce different oddball presentation frequencies.

Tones between targets TTI(seconds) Probability(%) #target/run
12–13 15±0.6 8 10
16–17 19.8±0.6 6 10
24–25 29.4±0.6 4 10
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