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Abstract

Functional magnetic resonance imaging based on a non-BOLD-contrast mechanism, which we have termed “SEEP” (Signal Enhancement
by Extravascular water Protons), has previously been demonstrated. Here the reproducibility of areas of activity identified with both SEEP
and BOLD contrast is assessed in duplicate experiments in healthy volunteers, with relatively high resolution (1.6 mm) image data at 1.5 T.
These areas of activity are equally well localized to voxels containing primarily gray matter with the two contrast mechanisms. As in previous
studies, areas of SEEP activity are observed to be immediately adjacent to areas of BOLD activity, with very little overlap. The response
functions were estimated for both SEEP and BOLD contrast, and are observed to be distinct. The peak SEEP response is observed to lag the
BOLD response by approximately 1 s and to decay more slowly with no poststimulus undershoot. Average BOLD signal changes (GE-EPI,
TE=50 ms) were observed to be 3.4+1.2% (mean+S.D.), whereas SEEP signal changes (SE-EPI, TE=23 ms) were 1.94+0.5%, consistent
with previous studies carried out at 0.2 and 3 T. These observations provide further support for the existence of a non-BOLD-contrast
mechanism for fMRI, based on changes in extravascular spin density.
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1. Introduction

Functional magnetic resonance imaging based on blood
oxygenation level-dependent (BOLD) relaxation time
changes has become a well-established neuroimaging tool
with demonstrated sensitivity to changes in neuronal activity
levels [1]. However, there is evidence that physiological
changes, in addition to changes in perfusion and blood
oxygenation, may influence the MR signal intensity. We have
previously proposed that, in addition to the BOLD effect,
there is a proton-density change which can contribute to
fMRI signal changes [2—5]. Functional magnetic resonance
imaging data obtained in the brain and spinal cord have
demonstrated that a component of the MRI signal undergoes
a proton-density change of approximately 5.6%, that it has a
T, of approximately 71 ms, an estimated 7,* of less than
10 ms, and that it cannot be attributed to signal from blood
or in-flow [2,4,5]. As a result, we have termed the effect
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“SEEP” for “Signal Enhancement by Extravascular water
Protons”. The areas of the brain that demonstrate SEEP signal
changes during a two-hand motor task have been observed to
be immediately adjacent to areas of BOLD signal change,
with only slight overlap, indicating that the anatomical
locations of the BOLD and SEEP mechanisms are distinct
[2]. Functional magnetic resonance imaging studies employ-
ing SEEP contrast have been carried out in the brain at 0.2 and
3 T with consistent signal changes of 2% in areas of neuronal
activity [2,3,6], as well as in the spinal cord at 0.2 T [6].
The properties of the signal intensity changes observed in
spin-echo fMRI data have been investigated by other groups
as well. Jochimsen et al. [7] employed spin-echo EPI at an
echo time of 96.5 ms, as well as with a CPMG sequence
with multiple refocusing pulses with an echo-planar readout
at an echo time of 75 ms. Studies carried out by our group at
3 Twith spin-echo EPI at an echo time of 22 ms demonstrated
consistent areas of activity that were immediately adjacent to
those observed with BOLD with only slight overlap [2].
Based on detailed studies of spin-echo signal changes as a
function of echo time in the spinal cord at 1.5 T, we have
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developed a two-component model of signal changes that
describes both BOLD and SEEP components [4]. Whereas
fractional signal changes due to BOLD relaxation time
changes increase with increasing echo time, those arising
from a proton-density change appear to decrease with
increasing echo time due to differences in the transverse
relaxation times of the two components [4]. This model,
based on experimental observations, indicates that the ratios
of BOLD to SEEP signal changes [i.e., (AS/Sgorp)/(AS/
Sseep)] are 0.4, 2.1 and 3.3 at echo times of 22, 75 and
97 ms, respectively. Thus, the studies reported by Jochimsen
et al. [7] and by our group [2] yielded results with
significantly different sensitivities to the characteristics of
signal changes observed in spin-echo fMRI data.

In a separate study at 3 T, Jochimsen et al. [8] also reported
that they did not detect a proton-density change in spin-echo
fMRI data, because they observed signal changes extrapo-
lated to TE=0 that were not significantly different than zero,
in contrast with our reported findings [5]. Functional
magnetic resonance imaging data were acquired with spin-
echo methods at four different echo times in repeated
experiments (one echo time per experiment), and the voxels
that were included for analysis were fixed based on active
regions detected at TE=80 ms and at TE=9 ms. The average
signal intensity change across the selected voxels was
measured at each echo time, and this analysis therefore
required the assumption that identical regions of neuronal
activity are elicited in repeated experiments. Analysis of only
those voxels with significant BOLD activity at TE=80 is
expected to preferentially exclude the areas demonstrating
SEEP signal changes and, therefore, to reveal only the
BOLD effect [2]. With a spin-echo method at TE=9 ms,
Jochimsen et al. [8] reported an average of 65 active voxels
in the visual cortex in six volunteers, with an average signal
intensity change of roughly 0.75%, at P<.005. Moreover,
when all active voxels at each echo time were included in the
analysis, the intercept value at TE=0 was determined to be
0.82£0.07%, in comparison with the value of 1.03+£0.19%
we reported at 3 T. The findings reported by this group are
thus not directly comparable with our own, but the published
results to date are not inconsistent either. In contrast, other
groups have reported findings that support the existence of
the SEEP contrast mechanism. Luh et al. [9,10] have reported
results demonstrating that signal changes in spin-echo fMRI
data obtained in the brain are dominated by a proton-density
change, with very little contribution from changes in trans-
verse relaxation times. Wong et al. [6] have also demonstrated
functional imaging of the spinal cord at 0.2 T using SEEP
contrast [11].

The proposed mechanism of SEEP is a local increase in
tissue water content arising from an altered fluid balance due
to the normal production of extracellular fluid and cellular
swelling. Extracellular fluid (ECF) is produced by the
continuous flux of water across blood vessel walls, primarily
in capillaries [12,13]. Functional imaging studies carried out
with PET using radiolabelled water as a tracer have

demonstrated increased unidirectional clearance of water
from the blood into the brain parenchyma at sites of
neuronal activity [14,15]. This is coupled to the fact that
when the neuronal firing rate increases the nerve cell body
takes up more oxygen from its surroundings. A local increase
in blood flow occurs, thereby providing a greater supply of
oxygenated blood and a local reduction in paramagnetic
deoxyhemoglobin, as well as increased perfusion pressure.
This is the general sequence of events that gives rise to the
BOLD signal changes related to neuronal activity [16,17].
It has been proposed that the local blood flow changes may
be mediated by potassium carried by astrocytes between the
active neurons and capillaries [18]. This is also linked to the
swelling of neurons and glial cells at sites of neuronal activ-
ity. In the neuroscience literature, it is generally accepted that
brief neuronal discharge leads to sustained swelling of
adjacent glial cells [19]. Astrocytes have been shown to be
depolarized during neuronal activity as a result of uptake of
potassium in proportion to the number of active neurons in
the vicinity and the frequency at which they fire [20]. The
flux of potassium across the astrocyte plasma membrane
is coupled with water transport via specific channels (aqua-
porins, specifically Aqp4) that are concentrated in the
membranes of astrocyte end-feet facing blood vessels [21].
There is strong evidence that these channels promote the
exchange of water between the brain and blood or CSF.
Glutamate is also actively taken up by astrocytes and is
accompanied by three Na" and one H" transported into the
cell, and one K" transported out, with water cotransport
resulting in a net flux into the cells [22]. Moreover, astrocytes
are connected by gap junctions allowing passage of small
molecules from cell to cell, and so they function as a
continuous, large fluid volume [23].

The effects of these water fluxes are demonstrated in
numerous examples in the literature. The extracellular/
intracellular volume ratio has been shown to change
significantly in isolated tissue samples of rat spinal cord
tissue during and following neuronal stimulation. During
electrical stimulation of a dorsal nerve root at 10 Hz for 1 min,
the extracellular volume was observed to decrease by roughly
5% due to cellular swelling [24,25]. In another example,
changes in neuronal and glial cell volumes related to neuronal
activity cause changes in light transmittance and are used for
imaging activity in brain slices [19,26]. Rat brain slices
submerged in flowing artificial CSF solution demonstrated
increased light transmittance, as a result of cell swelling,
specifically at sites where electrically stimulated fibres
terminated on dendrites in the hippocampus [19].

There are thus a number of physiological effects, in
addition to the BOLD effect, that could potentially influence
the MR signal in relation to neuronal activity. The purpose of
the current study is to further investigate the proton-density
change contribution to signal changes in fMRI data obtained
with spin-echo methods, which we have termed “SEEP”. This
is carried out by investigating the relative locations of SEEP
and BOLD activity at relatively high resolution and by
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estimating the response function for SEEP. This is equivalent
to the hemodynamic response function for BOLD, but as yet
the SEEP response has not been proven to be hemodynamic
in origin. The response function (HRF) in this context is
meant to indicate the linear transfer function that relates the
neuronal activity-related signal intensity time course (S) to
the stimulation paradigm ( P) via the expression S=P®HRF
(where ® signifies the convolution operation) [27]. This will
enable more precise analysis of SEEP fMRI data with more
stringent statistical thresholds than have previously been
reasonable in the absence of an accurate model paradigm.

2. Methods

Eight healthy volunteers were studied in a 1.5-T GE Signa
Horizon LX clinical MR system. Initial three-plane localizer
images were acquired to provide an anatomical reference for
prescribing slice positions. Functional image data were
acquired from eight 4-mm-thick transverse slices, positioned
parallel to the inferior points of the corpus callosum, using
echo-planar imaging with a 128256 matrix and a 20-cm
field of view. In separate experiments, data were acquired
with SEEP contrast (spin-echo EPI, TE=23 ms, TR=3 s,
90° flip angle) and BOLD contrast (gradient-echo EPI,
TE=50ms, TR=3s, 90° flip angle). Activity in the motor and
sensory areas was elicited by having the subject perform a
two-hand finger-touching task. A block design was used with
eight alternated periods of rest and finger-touching, each of
24 -s duration. This stimulation paradigm was chosen to be
consistent with previous studies employing SEEP contrast
[2—4]. Although a brief stimulus might be assumed to be
preferable for estimating the response function, event-related
studies have never been carried out with SEEP contrast, and
prior to this study no model was available for estimating the
signal intensity time-course response to a brief stimulus in
order to identify the active voxels in such an experiment.
Hence, a stimulation paradigm that was known to elicit a
detectable SEEP response was chosen. Functional magnetic
resonance imaging experiments were carried out four times
with each subject, twice with SEEP contrast and twice with
BOLD contrast. Anatomical reference images were also
acquired from 16 transverse slices, 4-mm thick, eight of
which were coplanar with the functional image data. Re-
ference images were acquired with a fast spin-echo method
with an echo-train length of 8, a 256x256 matrix, four
averages, and with T; weighting (TE/TR=12/500), T,
weighting (TE/TR=87/3000) and proton-density weighting
(TE/TR=12/3000).

Data were analyzed initially by means of correlation to a
boxcar model paradigm after smoothing in-plane with a 3 x3
boxcar filter. Correlation 7" maps were constructed for each
experiment and were combined with a conjunction analysis
by taking the minimum 7 value at each voxel [28]. Separate
conjunction maps were made for BOLD and SEEP contrast.
Time-course data from active voxels were used to determine
the average response to the stimulus, which was in turn used

to estimate the response function (HRF) [29]. The response
function was determined by deconvolving the observed
signal intensity time course (S) with the boxcar stimulation
paradigm (P) using the MatLab “deconv” function (The
Mathworks, Natick, MA). The response function thus
obtained was verified by performing the inverse operation
of convolving it with the boxcar paradigm and comparing the
result with the observed signal-intensity time course, i.c.,
S=P®HRF. Data with SEEP contrast were then reanalyzed
with a modified paradigm based on the observed response
function in order to estimate the optimal model paradigm in
an iterative fashion.

The response function that was determined in this fashion
was then used as the starting point for more precise analyses
of the SEEP and BOLD data. The original image data were
used without spatial smoothing, but with temporal filtering to
remove the high-frequency components. A general linear
model approach [29,30] was used with a basis set constructed
of two elements: (a) the stimulation boxcar paradigm
convolved with the response function, and (b) a constant
function. A statistical parametric map was then constructed
for each data set using a high statistical threshold (P<10"%)
in order to detect more precisely the areas of activity with
each method. The response function was then calculated from
the observed average time course for each data set, and the
model was adjusted to the closest approximation of all of the
observations. This process was repeated until a model
response function was obtained for both BOLD and SEEP
data that corresponded well with all of the observed
responses, and when further iterations of the process did
not result in significant changes to the results.

The anatomical reference images with T;-, T,- and proton-
density weighting were used to create a segmented map of
gray matter, white matter, mixed gray and white matter, CSF,
skull and background, for each subject. This was achieved by
defining a three-dimensional vector for each voxel composed
of the signal intensities in each image, divided by the average
intensity in all three images, in order to provide a consistent
comparison. Voxels were then repeatedly divided into
groups, to create 32 groups of voxels with similar vectors.
Model vectors were constructed for each tissue type based on
the expected T, T, and relative proton density for each, as
well as the image acquisition parameters, and these models
were then used to assign a tissue type to each group. The
resulting segmented map was then used to characterize the
anatomical sites of activity identified with BOLD and SEEP
contrast, by computing the proportion of active voxels within
each tissue type.

3. Results

Areas of signal-intensity change that were significantly
correlated with the time course of rest and performance of
the two-hand motor task were observed in every experiment,
with both SEEP and BOLD contrast. These areas of activity
were well localized to the bilateral sensory and motor areas,
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Fig. 1. Conjunction maps computed for BOLD and SEEP contrast in four representative volunteers. Maps of 7" values for each experiment were constructed
using the correlation between a boxcar model paradigm and the intensity time course at each voxel, and conjunction maps were computed by taking the lowest
T value in duplicate experiments. The results are shown with a threshold of 77> 2. Each row shows the results from four selected slices in each volunteer, and
results obtained with BOLD and SEEP contrast are shown in separate rows. The images are cropped to show only the posterior half of each slice, for clarity.
Red indicates the highest T" value in each experiment, and colors show lower values in decreasing spectral order.

and the supplementary motor area, and also appeared to be
very well localized to gray matter regions. Representative
conjunction maps calculated for duplicate experiments in
each subject are shown in Fig. 1. These maps demonstrate
the lowest 7" score at each voxel in duplicate experiments,

with only values of 77>2 shown, and so voxel-wise
reproducibility is demonstrated as well. An initial estimate
of the SEEP response function was determined from the
areas of activity identified in the conjunction maps and was
used for subsequent analyses.

Fig. 2. Representative examples of areas of BOLD and SEEP activity identified by means of a general-linear-model method with P<10~* and using the model
response function indicated in Fig. 4 to compute the model paradigm. Each row represents four selected image slices in one volunteer, and columns show
approximately the same slice from four different volunteers. Areas of BOLD activity are indicated in light blue and dark blue for two experiments, and areas of
SEEP activity are indicated in light red and dark red for two experiments. Where the BOLD and SEEP areas of activity overlap, the voxels are highlighted in
yellow. The images are cropped to show only the right and left sensory and motor areas, for clarity.
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Fig. 3. Example of the detail of the areas of BOLD and SEEP response in
one selected volunteer. The top row shows activity in three contiguous
slices (superior to inferior going left to right) on the left side of the brain,
and the bottom row shows the corresponding areas on the right side of the
brain. Areas of BOLD activity are indicated in blue, and red indicates SEEP
activity, with areas of overlap highlighted in yellow, as in Fig. 2.

Analyses based on the general-linear-model method
described above in the Methods section were carried out
in an iterative fashion, and so the optimal response
functions, and optimal maps of activity, were obtained in
parallel. Results of this method with a P-value threshold
of <107* (corresponding to 7>4.16) also showed activity
with both BOLD and SEEP with a high degree of
localization to gray-matter regions in the sensory—motor
cortex. The number of active voxels that were detected
increased with the iterative process described above to

obtain the best estimate of the response functions for BOLD
and SEEP. Representative activation maps from four of the
eight subjects obtained with the general-linear-model
analysis, the best response function and P values of <10*
are shown in Fig. 2, with both areas of BOLD and SEEP
contrast indicated on each figure. An example of these
results from one subject is also shown in Fig. 3 with a
greater degree of magnification to demonstrate the relative
areas of BOLD and SEEP activity.

The response functions we measured were distinct for
BOLD and SEEP contrast, but the results were consistent
within and across the eight subjects. Using the definition
of the BOLD hemodynamic response function from
SPM2 (Statistical Parametric Mapping, Wellcome Depart-
ment of Imaging Neuroscience, University College London)
as a consistent means of describing the response, the
parameters that varied included the time-to-peak response,
the time-to-poststimulus undershoot and the relative mag-
nitude of the poststimulus undershoot. The BOLD re-
sponse function computed from the results of the present
study has a time-to-peak response of 5 s, and time-
to-poststimulus undershoot of 12 s. The relative magnitude
of the poststimulus undershoot was 1/5 of the peak
response. In comparison, the SEEP response function was
observed to be 6 s to peak response, and the poststimulus
response was observed to decay slowly. The poststimulus
decay was best modelled by specifying 16 s to the peak
poststimulus response, and a negative “undershoot” relative
magnitude of —1/6. Plots of the average response functions
calculated for the eight volunteers, and the best estimated

5
4
. ™S
& \\
=
<
=
)
= ’
gn i/ N\
@ s/ 9l
s 1 7
51 V4
E Vs
0 T T T
0 2 3 4 ) 10
-1 [ ]
=2 {

Time Point

Fig. 4. Plots of the calculated response functions with BOLD and SEEP contrast at 1.5 T with high-resolution image data. The solid line represents the model
BOLD response function, and the solid black dots indicate the measured response averaged over eight healthy volunteers. The dashed line represents the model
SEEP response function, and the white dots indicate the averaged measured response. The error bars indicate the standard deviation of the measured response at

each time point.
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model functions, are shown in Fig. 4. These plots also show
that the signal-intensity changes during the motor task
averaged 3.4+1.2% (mean*S.D.) with BOLD fMRI and
1.940.5% with SEEP fMRL

The proportion of active voxels identified within gray
matter, white matter and CSF, with BOLD and SEEP
contrast, were characterized based on segmented images of
the three tissue types based on anatomical reference images
with three different contrasts. However, the automated
segmentation method used could not unambiguously iden-
tify all voxels, and so voxels containing a mixture of gray
and white matter are identified as such. Active voxels with
BOLD contrast were observed to be 60+6% within gray
matter, 13+£3% in a mix of gray and white matter, and
21+6% in white matter. With SEEP contrast, 57+6% of
active voxels were observed within gray matter, 12+3% in a
mix of gray and white matter, and 24+ 5% in white matter.

4. Discussion

Functional magnetic resonance imaging data acquired
with proton density-weighted spin-echo imaging consistent-
ly demonstrated signal-intensity changes correlated with the
motor-task paradigm and agreed with results obtained in
previous studies at 0.2 and 3 T [2,3]. Analyses carried out
using a nonlinear least squares method, with a basis set that
includes either the calculated BOLD or SEEP response
function, demonstrated voxels with signal changes that are
significantly correlated to the model paradigm at P<10~*,
This demonstrates that signal changes can be detected in
proton density-weighted spin-echo fMRI data with a fairly
high statistical threshold with an appropriate model response
function. Active regions were confined to the bilateral
sensory—motor areas and the supplementary motor areas,
and were matched by areas of activity identified with
conventional BOLD fMRI. Moreover, conjunction maps
computed from duplicate experiments in each volunteer
demonstrated that the same voxels were repeatedly observed
to be active with both BOLD and SEEP contrast, as shown
in the examples in Fig. 1. These maps therefore demonstrate
that the results obtained with SEEP contrast are reproducible
on a voxel-by-voxel basis.

The spatial distribution of activity observed in the present
study demonstrates that the active voxels detected with
SEEP contrast are in close proximity to those detected with
BOLD contrast, but are immediately adjacent and not at the
same locations, as demonstrated in Fig. 2. This is consistent
with our previous study at 3 T [2] and indicates that SEEP
and BOLD signal changes occur at different anatomical
sites. As BOLD signal changes are known to occur in
proximity with capillaries, venules and veins, SEEP signal
changes can therefore be concluded to occur predominantly
near capillaries, arterioles and arteries. This is consistent
with the theory that the signal changes arise as a result
of increased perfusion pressure, as pressure changes are
expected to be larger in the less compliant vessels. Of the

active voxels detected in the brain, 69% to 73% were
observed to be in voxels containing gray matter, or a mix of
gray and white matter, and 21% to 24% were observed to be
in white matter for BOLD and SEEP contrast, respectively,
with no significant differences detected between the two.
The greatest limitation of these measurements is expected
to be the accuracy of the segmented image maps to define
the tissue types within each voxel. Nonetheless, the ob-
served consistency of the areas of SEEP activity with the
neuroanatomy and areas of BOLD activity supports the
conclusion that the SEEP signal changes are also related to
neuronal activity.

The magnitude of signal intensity changes detected at
1.5 T in this study with SEEP contrast was 1.9£0.2%
(mean*+S.E.M., n=8). This is in excellent agreement
with previous studies which revealed signal changes of
1.94£0.3% at 3 Tand 2.1+0.2% (right hand) and 2.3£0.1%
(left hand) at 0.2 T under similar conditions [2,3]. These
values are not significantly different and further support
our theory that the SEEP effect is field-independent and
arises from a change in proton density. Each of these
studies was carried out with different groups of healthy vol-
unteers, and all demonstrated activity primarily in areas of
the brain relevant to the hand motor task that was employed
to elicit activity.

The magnitude of signal changes observed with BOLD
contrast in the present study was 3.4+0.5% (mean+S.E.M.,
n=8) with an echo time of 50 ms. This signal change
corresponds to a AR5 value of —0.68 s~' and is consistent
with values reported in the literature [31]. The response
function computed from data with BOLD contrast differed
only slightly from the default hemodynamic response
function used in SPM2. The shape of the response was as
expected, but the duration was shorter. The default values in
SPM2 employ a 6-s delay to the peak response, 16 s to the
peak of the poststimulus undershoot and an undershoot ratio
of 1/6 of the peak response. In this study, we observed 5 s to
peak and 12 s to the peak of the undershoot, which had a
magnitude of 1/5 of the peak. The response function for
SEEP lagged the BOLD response with 6 s to the peak and a
slower poststimulus decline which was modelled with a
negative undershoot value of —1/6 of the peak response, as
shown in Fig. 4. These values were computed from active
voxels detected with a statistical threshold of P<10"*.
Moreover, the response functions measured across the eight
different volunteers were very consistent, for both BOLD
and SEEP, as indicated by the error bars in Fig. 4. The
distinct response functions identified for BOLD and SEEP,
and the highly consistent SEEP response across different
subjects, support the conclusion that the SEEP signal
changes arise from different physiological processes than
the BOLD effect.

Based on the magnitude of the BOLD signal changes
observed with gradient-echo EPI in the current study, the
BOLD contribution to our spin-echo data is estimated to be
a signal change of less than 0.4%. This estimate is based on
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the fact that the magnitude of the BOLD signal change has
been shown to be at least 3.5 times larger in gradient-echo
data than in spin-echo data at the same echo time [5,31].
Comparisons of the anatomical locations of SEEP and
BOLD activity in this study, and previously at 3 T, have
demonstrated that there is only slight overlap between the
areas of activity, and so the average signal changes arising
from SEEP and BOLD cannot be assumed to be cumulative
[2]. Previous studies at 0.2 T have proven that SEEP signal
changes cannot be attributed to residual BOLD effect, and
this conclusion is supported by the current observations.
Although the lines of k-space acquired with EPI have
varying degrees of T,*-weighting, it is only the center of
k-space that determines the weighting of the resulting image
data, and with the symmetric spin echo employed in this
study the center is T,-weighted. The varied weighting across
lines of k-space influences the resulting image resolution
but not the relaxation-time weighting [32]. The effect can
be modelled by multiplying the k-space data by an exponen-
tial weighting function before reconstructing the image,
and Fourier theory demonstrates that this is equivalent
to convolving the reconstructed image with a smoothing
filter with a Lorentzian profile (the Fourier transform of
the exponential function). Hence the effect of the echo-
planar sampling of k-space does not impose any inherent
T,* weighting that could confound the comparison between
BOLD and SEEP data. Moreover, the echo-planar k-space
sampling employed in this study is expected to have had an
identical effect on the resolution of our spin-echo and
gradient-echo image data.

5. Conclusions

Functional magnetic resonance imaging based on a non-
BOLD-contrast mechanism, which we have termed “SEEP”,
has been demonstrated and characterized. Compared to the
BOLD response function, the SEEP response function has a
peak that lags by approximately 1 s, and a slower decay
after stimulation is discontinued, with no poststimulus
undershoot. The magnitude of the SEEP response has been
consistently observed to be approximately 2%, independent
of magnetic field strength, and areas of activity identified
with SEEP are immediately adjacent to areas of BOLD
signal changes with very little overlap. Areas of SEEP
signal intensity changes have been shown to be detectable
with a fairly stringent statistical threshold (P<10~*) and
cannot be attributed to random effects or in-flow of fully
relaxed blood, but can only be concluded to arise as a
consequence of physiological changes related to neuronal
activity. The SEEP effect is proposed to arise from a local
change in fluid balance which may result from changes in
perfusion pressure, production of extracellular fluid, cellular
swelling and maintenance of ion and neurotransmitter
concentrations at sites of neuronal activity. These mecha-
nisms are consistent with known physiology. The existence
of effects that can alter the MR signal intensity related to a

change in neuronal activity level, other than the BOLD
effect, may be an expected result based on the myriad of
known physiological changes that occur when neuronal
firing rates increase. This is not to suggest that other
methods should replace BOLD fMRI, but that alternative
methods may provide supplementary information for
neurophysiological studies and functional neuroimaging.
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