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While recent reports have advocated the use of magnetic resonance
imaging (MRI) to detect the effects of neuronal currents associated with
human brain activity, only preliminary experimental data have been
presented so far to demonstrate the feasibility of the method.
Furthermore, it has not been adequately demonstrated that (1) MRI
can separate neuronal current (NC) effects from other effects such as
blood oxygen level-dependent (BOLD) contrast; (2) MRI has adequate
sensitivity to detect NCs in vivo. In this work, we introduce a method that
can separate slow (e.g., BOLD) processes from potential rapid (e.g., NC)
processes and apply this method to investigate whether MRI allows
detection of an NC response to a visual stimulus. MRI studies (n = 8) at
3.0 T using a sensitive multichannel detector showed insignificant effects
related to NCs (averaged 7 < 0.05), in the presence of a highly significant
BOLD signal (f = 6.15 + 0.90). In contrast, magnetoencephalography
(MEG) experiments performed under similar conditions on the same
subjects showed highly significant electrical activity (z = 7.90 + 2.28). It
is concluded that, under the conditions used in this study, the sensitivity
of MRI to detect evoked responses through NCs is at least an order of
magnitude below that of BOLD-based functional MRI (fMRI) or MEG
and too low to be practically useful.
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Introduction

Both spatial and temporal resolution of blood oxygen level-
dependent (BOLD) functional magnetic resonance imaging (fMRI)
are limited by the underlying physiologic processes, including the
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dilation of the arteriolar vasculature through neurovascular
coupling (Zonta et al., 2003), the ensuing flow response (Kwong
et al., 1992), and the hemoglobin transit through the capillary bed
and macrovasculature (Duyn et al., 1994; Lee et al., 1995;
Mandeville and Marota, 1999). The temporal resolution of fMRI
and maybe also its spatial resolution could be substantially
improved if MRI can be sensitized to detect the changes in
electrical activity associated with brain activation. Changes in both
microscopic (e.g., neuronal spiking) and macroscopic electrical
activity (e.g., local field potentials) occur on time scales well below
the BOLD time scale of several seconds and contain potentially
important information, complementary to that available through the
BOLD-based signals. On the other hand, established techniques
that measure electrical brain activity through intracranial electro-
des, voltage sensitive dyes (Shoham and Grinvald, 2001), or
electroencephalography (EEG) and magnetoencephalography
(MEGQG) are either invasive or have poor spatial resolution.

Recently, a number of researchers have suggested the use of
fMRI to detect changes in neuronal currents (NCs) during human
brain activation (Bodurka and Bandettini, 2002; Kamei et al.,
1999; Konn et al., 2003; Xiong et al., 2003). One of the claims is
that NC-based MRI has the ability to detect visual and
sensorimotor activation with a sensitivity similar to that of BOLD
fMRI (Xiong et al., 2003). However, as of yet, this claim has not
been validated. Furthermore, previously proposed methodology
(Xiong et al., 2003) has a relatively poor efficiency at detecting
NCs and does not optimally separate NC contrast from BOLD
contrast.

The purpose of the current work was to design an fMRI
method that is highly sensitive to both the rapid and slow effects
associated with NC and BOLD contrast, respectively, while at the
same time allowing for excellent separation of the two effects.
Furthermore, the new method was used to quantify the relative
sensitivities of NC and BOLD contrast in fMRI experiments of
the human visual system and to compare these with the
sensitivity of MEG.
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Materials and methods
Experimental design

The fMRI method was designed to measure BOLD effects and
potential NC effects simultaneously, separably, and with high
sensitivity. MRI contrast to NCs was envisioned to originate from
the effects of intracellular dendritic currents on the MRI signal,
including signal amplitude (magnitude) reduction due to intravoxel
dephasing (Xiong et al., 2003) and possibly signal phase effects
(Kamei et al., 1999). To optimally capture these signal changes,
single shot gradient echo EPI was performed with long (81 ms) TE
(Xiong et al., 2003), which is on the time scale of the evoked
responses measured by EEG and MEG. To further improve
sensitivity, a short TR (100 ms) was used in combination with a
high stimulation rate (see below). To maintain adequate image
signal-to-noise ratio (SNR) under the saturating conditions result-
ing from TR = 100 ms, SNR was boosted by performing the
experiments at 3.0 T using a 16-channel brain coil (de Zwart et al.,
2004) connected to a 16-channel receiver (Bodurka et al., 2004),
both developed in collaboration with Nova Medical Inc. (Wake-
field, MA, USA).

Stimulation protocol

The activation studies were performed in the human visual
system, known for its robust BOLD fMRI and MEG/EEG
responses. To allow separation of the (slow) BOLD effects from
potential (fast) NC effects, a dedicated stimulation protocol was
used based on the binary m-sequence probe method (Kellman et
al., 2003; Sutter, 2001). The binary m-sequence probe method
allows efficient determination of linear and nonlinear aspects of
the fMRI impulse response (Buracas and Boynton, 2002; Kell-
man et al, 2003). The protocol (Fig. 1) consisted of a

combination of two pseudorandom m-sequences: a rapid
sequence consisting of 20 bins, each with a duration (base
period) of 100 ms (equal to the MRI TR), and a slow sequence
with 150 bins, each with a base period of 2000 ms. The idea was
to use the slow m-sequence to extract a “coarse” BOLD impulse
response (IR) and the rapid m-sequence to extract a “fine” NC IR.
The rapid 20-bin sequence consisted of a 15-bin m-sequence and
five additional bins (repeat of the first five bins), whereas the
150-bin slow sequence consisted of a 127-bin m-sequence, and
23 additional bins. The extra bins were inserted to avoid
unwanted transient effects, such as the initial signal drop related
to the approach to NMR steady state.

Each m-sequence contained a close to equal number of “0”
and values. Rapid m-sequence bins with values “1”
corresponded to visual presentation of a circular checkerboard
pattern of 50-ms duration, followed by 50 ms of darkness, while
bin values “0” corresponded to 100-ms darkness. The slow
sequence was used in a modulatory fashion: during bin values
“1” in the slow m-sequence, the rapid m-sequence was played
out (2000 ms), while no stimulus was presented for 2000 ms
during bin values “0”. A total of 3000 (150 X 20) m-sequence
bins were played out, of which 25% represented an active
(checkerboard) stimulus.

The stimulus was back-projected using a DLP projector (U2
1200, Plus Corp., Tokyo, Japan) on a translucent screen, just
behind the subject’s head, and viewed via a mirror. The check size
of the checkerboard pattern was scaled with eccentricity, in an
attempt to maintain a constant (strong) stimulation across the
primary visual cortex (Horton and Hoyt, 1991). The luminance of
white squares varied from 120-250 Cd/m?, the visual angle of the
stimulus (radius) varied from 10° to 15°. The luminance of the
checkerboard stimulus was modulated over time (using the m-
sequence protocol described above) using a computer-controlled,
ferroelectric liquid-crystal shutter (LV4500P-OEM, Displaytech
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Fig. 1. The modulated binary m-sequence used to simultaneously map slow (BOLD) and fast (NC) responses. An m-sequence with a base period of 2 s (slow
m-sequence) was used to generate a slow stimulus variation to elicit BOLD signals. During m-sequence zeroes (red bins), no visual stimulus was presented.
During m-sequence ones (yellow bins), a second m-sequence was played out at rapid pace (100-ms base period) to allow measurement of fast signal responses.
During fast m-sequence ones (yellow bins), a checkerboard visual stimulus was presented (50-ms checkerboard, followed by 50-ms darkness), whereas during
fast m-sequence zeroes (red bins), no stimulus (darkness) was presented for 100 ms.
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Inc, Longmont, CO, USA) with a transition time of 70 us. Shutter
switching was controlled from a programmable trigger line in the
MRI pulse sequence and synchronized to the MRI excitation pulse
at the start of each TR.

MRI data acquisition

Functional MRI studies were performed on eight normal
volunteers on a General Electric 3-T scanner, using a home-
written gradient-echo EPI sequence (Kellman et al.,, 2003). A
single, axial-oblique slice of 5-mm thickness, centered on the
calcarine fissure was scanned with 3.4 X 3.4 mm?® nominal in-
plane resolution and 220 X 165 mm? field of view. The EPI
readout bandwidth was 250 kHz, and the total echo train duration
was 24 ms. A 25° excitation flip angle was used, which resulted
in minimal image contrast (beneficial for temporal stability) and
provided good image SNR, as it was close to the Ernst angle of
21° for cortical grey matter (T1 = 1500 ms). RF phase scrambling
was performed using 45° phase increment to improve temporal
stability and reduce the contribution of stimulated echoes. The
latter would potentially have introduced undesirable temporal
blurring due to spillover of magnetization into subsequent TR
intervals. Although quadratic RF phase scrambling does not
completely eliminate stimulated echoes, it can suppress them
quite effectively, even in the presence of pulsations and motion
(Duyn, 1997). An extra central k-space line was acquired to
reduce EPI ghosting (Bruder et al., 1992). On seven of the eight
subjects, the MRI phase was measured before the EPI readout to
allow derivation of phase images with correction for large-scale
temporal phase fluctuations. Linear shims were adjusted before
the functional scans to optimize the signal strength in occipital
areas at TE = 81 ms.

High-resolution T1-weighted images were obtained to allow
mapping of the MRI and MEG functional data on an anatomical
reference. For this purpose, the product inversion recovery 3D
FSPGR sequence was used with the following parameters: TE =
3.2 ms, TR = 7.9 ms, TI = 300 ms, flip angle = 17°, 1 x 1 mm?>
in-plane resolution, and 1-2 mm through-plane resolution. This
MP-RAGE-like (Mugler and Brookeman, 1990) sequence pro-
vides efficient acquisition of images with good contrast between
grey and white matter. On each subject, two to four experimental
runs were performed. Two different delays (0 and 50 ms)
between the stimulus sequence and the fMRI acquisition were
investigated, in anticipation of a potential cancellation of the NC
IR due the often multiphasic nature of the electrical signals (see
below).

Before each scan session, normal volunteers (four males and
four females, aged 22.5-55.9 years, 32.3 years average) gave
written, informed consent to participate in the study, which was
approved by the Intramural Review Board (IRB) at the National
Institutes of Health under protocol number 00-N-0082. For the
MRI studies, earplugs were provided for hearing protection
because of the excessive acoustic noise generated by the gradient
system.

MEG data acquisition

MEG was performed with the same stimulus protocol on the
same eight subjects as used for the MRI experiments using a 275-
channel gradiometer system (Omega 2000, VSM Medtech Ltd.,
Canada). For the MEG studies, the stimulus was back-projected

using an LCD projector (Notevision XG-P10XU, Sharp Inc,
USA) with a luminance and visual angle similar to that of the
MRI setup. MEG data were acquired at 600 Hz and down-
sampled to 150 Hz. The timing of the stimulus, controlled from a
programmable arbitrary waveform generator (33250A, Agilent
Technologies Inc, USA), was recorded with the MEG data by
measuring the light output timing from a photodiode sensor
placed in the projector beam outside the focal plane. On each
subject, two to four experimental runs were performed.

Data analysis

MRI and MEG data were analyzed in similar fashion using
correlation analysis (Kellman et al., 2003). MRI data were
analyzed for signal intensity (magnitude) and phase effects.
Before correlation analysis, both MEG and MRI data were
high-pass filtered with a cutoff at 0.005 Hz, and the MEG data
were notch-filtered at 60 and 120 Hz to remove line
interference. Furthermore, on the MRI data, spectral frequencies
related to cardiac and pulmonary cycles were identified and
removed using digital filtering before correlation analysis. Two
to four spectral frequencies were removed using Gaussian-
shaped stop bands each with a full width at half maximum of
0.2 Hz.

For the MRI data, channel-combination and image recon-
struction was performed as described previously (de Zwart et al.,
2002, 2004). This allowed reconstruction of phase and magnitude
data. To avoid phase wrapping, the average phase of the time-
series data was subtracted from each time point. Large-scale
phase fluctuations related to subject motion or hardware
instabilities were corrected using the phase measurement preced-
ing the EPI acquisition. From the time-series data, fMRI
activation signals were extracted by correlating with a 20-fold
zero-filled version of the slow m-sequence (Fig. 2). Only the

BOLD response

NC signal

127 s

Fast (NC) response
rapid
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Fig. 2. Extraction of BOLD and NC responses. Two sequential correlation
analyses are performed. During the initial analysis, a 127-s segment of the
MRI intensity (or phase) time-course is correlated against the slow m-
sequence. The resulting signal is the estimated “coarse” IR to a 2000-ms
(rapid m-sequence) stimulus, including BOLD signals and NC signals. In a
second analysis step, the early part of the “coarse” IR is correlated against
the rapid m-sequence. The resulting signal contains the “fine” NC IR to a
single 50-ms checkerboard presentation.
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linear kernel (4;, see Kellman et al., 2003) was used. The
resulting signal contains the “coarse” IR to a 2000-ms rapid m-
sequence stimulus, including potential NC signals in the first part
of the response (0 to approximately 2200 ms), and a delayed
BOLD signal in the later part of the response. The “fine” IR to
the 50-ms checkerboard stimulus (related to NC and other fast
effects) was extracted by subsequent correlation of the early part
of the response (obtained after the initial correlation) with the
rapid m-sequence. For this purpose, the first two bins of the
“coarse” IR were skipped, and only bins 3—17 were used to avoid
any transient effects from preceding rapid m-sequence segments.
Note that these bins contain information similar (except for the
noted transient effects) to that contained in bins 2-16 or 1-15.
Due to the high-pass temporal filtering inherent to this correlation
analysis and the low amplitude of the BOLD response in this
early time segment, this resulted in a signal selectively sensitive
to rapid processes correlated with the m-sequence stimulus (e.g.,
NC effects) and suppression of the (slow) BOLD signal. For
convenience, from now on, we will refer to the delayed signal
extracted after initial correlation with the slow m-sequence as
“BOLD IR” and the fast signal extracted after secondary
correlation with the rapid m-sequence as “NC IR.”

For the MEG data, a similar analysis was performed, with the
exception that correlation was not performed with the numerical m-
sequence, but rather with the recorded photodiode signal. After
correlation, synthetic aperture magnetometry (SAM) (Robinson
and Virba, 2002) was used to determine coarse spatial location
relative to a separately recorded T1-weighted MRI.

Statistical analysis was performed by normalizing correlation
amplitudes to the temporal noise levels. The temporal noise level
was determined from the temporal standard deviation (TSD) as
calculated from response-free segments of the correlogram (Kell-
man et al., 2003). For the TSD of the BOLD IR (TSD-BOLD), this
was done after 20-fold down-sampling (to 2-s bins) of the
correlogram obtained after correlation with the slow m-sequence.
The TSD of the NC IR (TSD-NC) was obtained from subsequent
correlation of BOLD-free data (lag > 30 s) with the rapid m-
sequence. Activated pixels in the visual cortex were selected by
thresholding (¢ = 3.5) the BOLD IR in the time interval (correlation
lag) 2-6 s. Using these pixels, average ¢ score of the BOLD
response and average ¢ score of the NC IR were calculated. In
addition, ¢ scores were determined on region of interest (ROI)
averaged correlation signals, normalized to the TSD of the ROI-
averaged signal. This analysis is equivalent to the use of general
linear model (GLM) analysis with multiple delayed delta functions
as explanatory variables to account for the BOLD and NC
responses.

Furthermore, to evaluate temporal signal stability of the MRI
method, the relative TSD (in % of the baseline signal) was
determined from the image intensity time course on a pixel-by-
pixel basis. In addition, to obtain a stability measure not limited by
image SNR, TSD was determined on the signal average of all
activated pixels (TSD—ROI). This was done after temporal high-
pass filtering with a cutoff at 0.33 Hz to remove slow signal
fluctuations, including BOLD effects. All TSD values were
calculated as a percentage of baseline image intensity.

For the MEG data, ¢ scores were calculated per sensor, after
which an average absolute ¢ score was determined for all sensors
from a group (out of 42 occipital sensors) with absolute ¢ values
exceeding 3.5 in a time interval 80—130 ms following impulse (50-
ms checkerboard display) onset.

Results
Image quality

The raw EPI-MRI images were somewhat affected by signal
dropout due to intravoxel dephasing, as expected under the
conditions of long TE (81 ms), high magnetic field (3.0 T) and
large voxel size. However, image quality was reasonable in
occipital areas, partly because of the manual shim optimization
before scanning. In all subjects, the SNR exceeded 30:1 in the
visual cortex, and the TSD averaged 2.87% (Table 1). The
TSD of the average signal in the activated pixels (TSD-ROI)
was 0.49%, which was far below the single-pixel TSD. This
suggests that the scan method was highly stable and
furthermore that the pixel-based TSD was limited by the image
SNR.

BOLD signal

Two of the functional runs were discarded due to problems
with the stimulus presentation (from subjects 1 and 2, see Table
1). In all remaining runs, significant BOLD IRs were observed.
Across subjects, the maximum ROI-averaged ¢ score (z-slow)
ranged from 3.83 to 7.48 (Table 1). The ¢ score of the ROI-
averaged “coarse” IR was 16.6 (£4.0). The ROI-averaged BOLD
signal amplitude, as a percentage of baseline signal, ranged from
1.3% to 2.4%. No significant difference was found between the
runs with different delays (results not shown). Fig. 3 shows the
IR obtained after correlation with the slow m-sequence, averaged
over all activated pixels (and all subjects). The BOLD IR
resembled a gamma-variate function and reached a maximum of
1.53% (+0.39%) of the baseline signal at around ¢ = 4.5 s. The
curve was relatively flat in the O- to 2-s interval, where it had a
noise-like appearance. Its average correlation signal amplitude in
this interval was only a small fraction (<3%) of the average
BOLD level in the 2- to 8-s interval. This is suggestive of an
absence of NC effects (see below).

NC signal

No significant correlation with the rapid m-sequence was
found in the visual cortex (active BOLD pixels) in either MRI
signal magnitude or phase in any of the MRI runs, both for single
pixels as well as for the ROI averaged signal, and for both the 0-
ms and the 50-ms delay between stimulus and data acquisition
(see MRI data acquisition) runs. This suggests an absence of fast
(NC) effects in the MRI data. The average signal level of the NC
IR was below 0.2% of the baseline signal in all subjects. The ¢
score of the NC IR, averaged over the pixels with significant
BOLD activation (see above), was below 0.6 at all correlation lags.
At the Oth and 1st correlation lag (IR between 0—100 ms and 100—
200 ms, respectively), covering the time period of maximal MEG-
IR, the absolute value of the # score was below 0.47 in all subjects
(Table 1).

An example of the results in a single subject is given in Fig.
4. Most of the BOLD activity mapped to the visual areas in the
occipital lobe (Fig. 4a). The time course of the ROIl-averaged ¢
score, obtained from correlation with the slow m-sequence (Fig.
4b, black curve), showed a highly significant BOLD IR (¢ > 7),
and a noise-like early response (Fig. 4b, inset). The response
remained at noise level after correlation with the second (rapid)
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Table 1
Overview of MRI and MEG experiments on eight subjects
Subject MRI data MEG data

Delay (ms) TSD TSD-ROI  No.of BOLD NC ¢-fast 0-100 ms ~ NC z-fast 100200 ms ~ No. of active ~ -MEG
(%) (%) active t-slow (SD) Mag. Phase Mag. Phase Sensors
voxels

1 0 3.91 0.95 43 3.83(0.45) —0.36 - 0.05 - 9; 17 6.27; 6.97;
2 0 396 0.68 84 4.58(0.75) —0.19 0.03 0.05 —0.12 21; 21 5.42; 6.05;
3 0 439 055 117 7.48(1.50) —0.03 —0.13 0.01 —0.18 12; 4; 18 4.69; 5.24;
3 0 451  0.64 106 7.40(1.41) 0.05 0.13 0.03 —0.36 4.90
3 50 3.71 0.53 101 5.20(0.95) —0.09 0.03 0.07 —0.14
3 50 348  0.50 149 6.20(1.41) —0.07 —0.03 —0.16 0.14
4 50 299 043 105 7.05(1.34) 0.04 —0.02 0.12 0.06 30; 33; 37 8.86; 10.69;
4 0 352 041 114 6.85(1.36) —0.03 —0.09 0.13 —0.11 10.73;
4 50 3.14  0.34 164 6.81(1.63) 0.01 0.00 —0.04 —0.14
4 0 312 045 142 6.55(1.44) —0.01 0.09 0.01 0.04
5 0 2.85 0.3l 110 6.96(1.36) —0.04 0.06 —0.10 0.22 10; 12; 27 6.55; 6.73;
5 50 227 034 85 6.46(1.11) —0.02 0.12 0.04 —0.06 6.41
6 50 277 058 62 6.15(0.90) 0.17 0.17 —0.03 —0.05 22;23; 18 6.42; 7.00;
6 0 294 052 68 5.60(0.86) 0.04 0.00 0.19 0.04 5.89
6 0 289 042 86 5.53(0.94) 0.13 0.10 0.14 0.10
6 50 3.67 056 78 6.70(1.10) —0.03 0.11 —0.07 —0.12
7 50 1.59 045 102 6.13(1.13) 0.07 0.26 0.07 —0.21 33; 34; 27; 10.06; 8.24;
7 0 1.57 045 84 5.36(0.89) 0.00 0.25 0.01 0.47 28; 9.59; 8.62
7 50 1.66 048 72 5.49(0.85) 0.12 —0.12 0.24 0.04
7 0 1.54 045 96 5.19(0.79) —0.10 —0.32 —0.18 0.31
8 0 221 037 135 6.51(1.40) —0.08 0.20 —0.03 0.22 26; 28; 20; 10.62; 11.81;
8 50 2.02 045 110 7.06(1.37) 0.20 0.08 0.15 0.35 17 10.05; 11.79
8 0 2.03 041 126 6.19(1.27) —0.18 —0.14 0.05 —0.15
8 50 2.16 043 102 6.41(1.18) —0.09 —0.05 0.01 0.02
Average - 2.87 0.49 100.5 6.15(1.14) —0.02 0.03 0.02 0.03 224 7.90
SD 1.4 091 0.14 29.3 0.90(0.29) 0.12 0.16 0.11 0.20 8.0 2.28

BOLD ¢ scores (¢-slow) are compared with NC ¢ scores at the first (¢-fast, 0—100 ms) and second (¢-fast, 100—200 ms) correlation lags, and with the MEG ¢
score (-MEG). For the NC signal, both magnitude (Mag.) and phase effects are shown. MRI ¢ scores are averages over active ROI; MEG ¢ scores are averages
over active sensors. TSD indicates the average single voxel TSD; TSD-ROI is the TSD of signal averaged over active ROI; “Delay” indicates the time shift
between stimulus and acquisition (see MRI data acquisition); MEG data for different runs are separated by semicolons.

m-sequence (Fig. 4b, red curve). The t maps of the individual
runs showed noise-like patterns without distinct features of

BOLD fMRI response

2.0 j

1.5
1.0

0.5

activation (%)

0.0

-0.5 . L L
10 15
time (s)

20

Fig. 3. Magnitude BOLD fMRI response obtained from correlation with the
slow m-sequence, as percentage of baseline signal, and averaged over all
activated pixels in all runs (all subjects). The vertical bars indicate the
standard deviation of the ROI-averaged response across subjects. While a
strong BOLD IR is observed after # = 2 s, low BOLD levels occur in the
preceding period, used for extraction of the fast (NC) response.

apparent functional significance. Only the phase data occasionally
contained one or two pixels exceeding the ¢ threshold; however,
these were always outside the visual cortex. An example of t
maps of individual runs is shown in Fig. 4c for the first eight
correlation lags. Phase and magnitude analysis is shown for runs
with both 0- and 50-ms delay.

Fig. 5 shows, for each of the MRI runs, the temporal
characteristics of the ROI-averaged signal magnitude (Fig. 5a)
and phase (Fig. 5b) after correlation with the rapid m-sequence
and normalized to ROI-averaged temporal noise levels (see
Materials and methods). The NC IRs have a noise-like character,
with no significant departure from noise level at any correlation lag
(t <3, P=0.0026), again suggesting the absence of NC effects.

MEG signal

After correlation with the slow and rapid m-sequence, all of the
MEQG runs also showed significant activation, as determined from
the early part of the first order (linear) IR. The largest activity was
observed in occipital sensor locations with sensor-averaged ¢
scores ranging from 4.69 to 11.81 (Table 1). SAM analysis showed
that most of the activity mapped to visual areas. An example is
shown in Fig. 6a, where SAM activity was projected onto a
surface-rendered MRI of grey matter anatomy, as well as overlain
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Fig. 4. Example of the fMRI results as measured by the dual m-sequence method. Shown are averages of three runs on a single subject. Anterior (A) and
posterior (P) anatomical locations are indicated were applicable. (a) BOLD ¢ map overlain on a T;-weighted high-resolution anatomical scan. The range of ¢
values is indicated on the scale bar on the right. A strong BOLD signal is present in the occipital cortex. The outline of the area covered by the functional data is
indicated by the green line. (b) BOLD and NC IR after correlation with slow (black) and rapid (red) m-sequence. ROI-averaged ¢ scores suggest a highly
significant BOLD signal. The inset shows an expansion of the 1500-ms interval used for extraction of NC IR, suggesting an absence of any significant signals.
(c) MRI-NC response in brain slice displayed in (a) for magnitude analysis and 0-ms delay (M00); phase analysis, 0-ms delay (P00); magnitude analysis, 50-
ms delay (M50); and phase analysis, 50-ms delay (P50). The first eight time points of the IR are shown, each representing a 100-ms timeframe. Note the virtual
absence of any image features other than random-appearing noise.
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Fig. 5. NC response for each of the MRI runs using magnitude (a) and
phase (b) analysis. The response was calculated from the magnitude of the
ROI-averaged correlation signal, normalized to TSD-NC of the ROI-
averaged signal (see Data analysis). The absence of any significant NC
response is evident.

on an axial-oblique slice of the T1-weighted localizers (same
subject and similar slice location as for Fig. 4). A comparison of
MEG and fMRI-based NC signals in the same subject is shown in
Fig. 6b. Single-sensor ¢ scores (combined data from three runs)
showed values exceeding 20 in the first 200 ms of the IR (Fig. 6b),
while average MRI NC ¢ score in the active ROI was below 0.4.

Discussion
General remarks

A novel technique was developed that allows separation of fast
and slow signals in response to neuronal activation. The technique
was combined with a sensitive MRI scan technique to investigate the
feasibility to detect evoked electrical activity in the human visual
system. In contrast with previous reports (Kamei et al., 1999; Xiong
et al., 2003), evoked NCs did not lead to significant rapid signal
changes in MRI, while slow (BOLD) signal changes were highly
significant. Furthermore, in separate experiments performed on the
same volunteers, rapid signals measured with MEG were highly
significant. This suggests that, while our stimulus protocol is
effective in generating NCs, the effects of these NCs on the MRI
signal are too small to be measured above the noise level.

JMRI sensitivity

When assuming that earlier studies (Kamei et al., 1999; Xiong
et al., 2003) truly observed NC effect, the failure of detecting NC
effects with the current MRI methodology is surprising, given its
superior sensitivity. In the following, we will look at the relative
sensitivity of our method in more detail.

In general, the sensitivity of an fMRI method is augmented by
(1) increasing the activation-related signal change, (2) minimizing
the TSD, and (3) increasing the number of averages:

(1) The signal change related to neuronal current effects is
dependent on the TE of the MRI acquisition, as well as the
underlying contrast mechanism. Despite the uncertainties with
details of the NC contrast mechanism, one would expect a similar
TE dependence as with MRI methods based on microscopic
susceptibility contrast agents (Menon et al., 1993; Weisskoft et al.,
1994; Yablonskiy and Haacke, 1994), which suggest an exponen-
tial signal decay, and therefore the percentage signal change that
has a close to linear dependence on echo time. This is in contrast
with the quadratic relationship observed by Xiong et al. (2003).
Assuming that the percentage TSD is independent of TE, the
optimal choice of TE would be close to the time scale of the
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Fig. 6. Example of the MEG results as measured by the dual m-sequence
method. Shown are averages of three runs on a single subject (same as Fig.
4). (a) Indication of location of MEG activity. Activated areas, as
determined from SAM analysis (see text), were overlain on a surface-
rendered map of left hemisphere (left) and axial oblique slice (right) of
anatomical MRI data. Anterior and posterior anatomical locations are
indicated with A and P, respectively. (b) Comparison of MEG and MRI
sensitivity for the detection of neuronal currents. The MEG-IR (in black),
obtained from a single channel, shows highly significant signals, while the
average magnitude MRI IR (in red) indicates insignificant NC-related
signals. The vertical (red) bars indicate the standard deviation across the
BOLD-based ROI. Phase MRI IR results are shown in green.
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neuronal currents. In practice, the percentage TSD is not
independent of TE (e.g., in the case where thermal noise
contributes significantly to the TSD), leading to an upper boundary
for the optimal TE value.

The TE value of 81 ms used in the current work is similar to
earlier methods, and close to the time scale of maximal neuronal
current change, as measured with MEG. A potential change in
current direction within the TE interval (which is possible judging
from the multiphasic character of the MEG signal) might eliminate
(rephase) some of the signal dephasing and reduce sensitivity.
However, in our model of microscopic current changes in
dendrites, this should not cancel all effects on MRI signal
magnitude. The reason is that the spatial scale of the induced
microscopic magnetic field gradients is on the order of the
dendritic diameter (approximately 1 pum), which is smaller than
the average grey matter diffusion distance during TE of at least 6
um. Furthermore, the fact that the experiments incorporating a 50-
ms delay between stimulus and data acquisition showed similar
results argues against the importance of this rephasing phenom-
enon for microscopic effects.

Another factor that affects the absolute (in contrast to relative or
percentage) NC-related signal change is the static magnetic field
strength. The field strength used in the current study (3.0 T) was
increased as compared to earlier studies (1.5 and 1.9 T). Although
the increased magnetic field strength leads to increased T2*-related
signal loss, this is to a large extent compensated for with the
increased SNR available with the higher field.

For the signal change related to BOLD eftects, our TE of 81 ms
is longer than the optimal value at course spatial resolution (Fera et
al., 2004). However, the BOLD optimum is quite broad, and the
reduction in BOLD sensitivity is estimated at less than 30% (Fera
et al., 2004).

(2) Apart from a low NC-related signal change, a potential
reason for the failure to observe a significant NC response with
MRI is a poor temporal signal stability, as expressed by the TSD.
The average TSD values were 2.87% and 0.49% for single pixel
and ROIl-averaged magnitude signals, respectively. The value of
0.49% for the ROI-based TSD is low compared to conventional
fMRI experiments. This is attributed to the high acquisition rate
used in this study, which allowed elimination of cardiac and
respiratory fluctuations through spectral filtering. The result is an
improved sensitivity for the detection of ROI-based signal
changes.

On the other hand, the single-pixel TSD was increased (i.e.,
inferior) compared to conventional BOLD fMRI experiments and
attributed to the reduced SNR (ranging from 30 to 50) resulting
from long TE and short TR used in the current study. The SNR
reduction due to the short TR (100 ms), as compared with the
longer TRs of 2 and 4 s used in earlier NC methods, was estimated
at three- to fourfold. This SNR loss was largely offset by the use of
a surface coil array, which had a sensitivity of at least threefold
over a conventional birdcage coil (de Zwart et al., 2004), used in
earlier studies. Nevertheless, there is clearly room for improvement
with regards to the single-pixel TSD.

(3) The number of signal averages was increased by using a
high stimulation rate. Since a binary m-sequence has a close to
50% duty cycle, and two binary m-sequences were used in a
modulatory fashion, the overall duty cycle was about 25%.
Combined with the 100-ms m-sequence base period, this resulted
in an average stimulation rate of 2.5 events per second. The duty
cycle could be improved to 50% by abolishing the use of the

modulatory (slow) m-sequence; however, this would also
eliminate the BOLD reference signal and prohibit quantitative
comparison of sensitivity to BOLD and NC effects and analysis
of NC effects using a BOLD-based ROI. Although previous
methods used different stimuli, it appears their presentation rates
were similar (Kamei et al., 1999) or much reduced (Xiong et al.,
2003) compared to the current study. Preliminary results from
MEG experiments that investigated the dependence of MEG
signal amplitude on the stimulation rate of a flickering checker-
board (results not shown) suggest a fairly broad maximum around
10 Hz, consistent with our m-sequence base period of 100 ms.

Summarized, the discrepancy between the current study and
earlier reports (Kamei et al., 1999; Xiong et al., 2003) in observing
NC effects with MRI is not related to an inferior sensitivity of our
method. Overall, our method achieved superior sensitivity due to
increased averaging. The improvement was largest for the analyses
based on ROI-averaged signals.

Separation of BOLD and NC effects

An alternative explanation for the discrepancy between the
current results and earlier reports (Kamei et al., 1999; Xiong et al.,
2003) is the improved suppression of BOLD contamination
achieved with the m-sequence method. Suppression of BOLD
signals is obtained in two stages. First, correlation with the slow m-
sequence separates BOLD and NC effects in time, due to the delay
of the BOLD signal relative to the NC effects. This was evident
from the small (3%) remaining fraction of BOLD signal in the time
segment used for extraction of the NC IR. Second, correlation with
the rapid m-sequence is in effect a high-pass filter, resulting in an
additional five- to tenfold suppression of the BOLD signal, as
indicated by simulations. In contrast, it is unclear how much
suppression of BOLD signals is achieved with the method
presented by Kamei et al. (1999). The suppression is based on
the assumption that BOLD signals are unaltered when the EPI read
gradient is inverted. However, this might not apply to BOLD-
related macroscopic phase effects, which could contaminate the
NC signals. In the study by Xiong et al. (2003), suppression of
BOLD signals was based on the fact that the stimulation rate (2 s)
was faster than the BOLD IR, resulting in a steady state signal.
However, the particular design of this experiment involving the
combination of multiple time-staggered runs to extract rapid
signals is prone to artifacts related to variations across runs. For
example, conditions that vary (slowly) across runs, such as fatigue
and attention, could manifest as rapidly changing signals and
(mis)interpreted as NC effects.

Possibility of measuring neuronal currents with MRI

The results of the current study suggest that the sensitivity of
MRI to detect NCs related to the visual-evoked response is too low
to be practically useful using today’s MRI technology and 3.0-T
field strength. Although it is possible that the use of a different
MRI field strength might lead to improved sensitivity, we believe it
is doubtful that this improvement alone will be adequate to make
NC-MRI a robust methodology. Despite the improved sensitivity
of the presented method to detect NC effects and its improved
suppression of BOLD contrast, earlier results suggesting the
feasibility of NC-based fMRI could not be reproduced. Never-
theless, this does not necessarily mean that MRI cannot detect any
of the electrical activity occurring in human brain. Other than
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evoked responses, there might be electrical activity that involves
larger numbers of neurons or has different characteristics that
might make it more visible to MRI. For example, under certain
conditions, the human brain exhibits oscillatory electrical signals in
specific frequency bands. In EEG and MEG, oscillations in the 8-
to 12-Hz band (alpha band) can have amplitudes that are an order
of magnitude larger than somatosensory-evoked responses. They
often occur during states of relaxation in the absence of visual
input and can be time-locked to a stimulus (Pfurtscheller, 1992).
With certain, dedicated experimental designs, it might be possible
to detect such activity with MRI.
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