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EPI-BOLD fMRI of Human Motor Cortex at 1.5 T
and 3.0 T: Sensitivity Dependence on Echo Time
and Acquisition Bandwidth
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Purpose: To investigate the sensitivity dependence of BOLD
functional imaging on MRI acquisition parameters in motor
stimulation experiments using a finger tapping paradigm.

Materials and Methods: Gradient-echo echo-planar fMRI
experiments were performed at 1.5 T and 3.0 T with varying
acquisition echo time and bandwidth, and with a 4 mm
isotropic voxel size. To analyze the BOLD sensitivity, the
relative contributions of BOLD signal amplitude and ther-
mal and physiologic noise sources were evaluated, and
statistical t-scores were compared in the motor area.

Results: At 1.5 T, the number of activated pixels and the
average t-score showed a relatively broad optimum over a TE
range of 60-160 msec. At 3.0 T, an optimum range was
observed between TEs of 30-130 msec. Averaged over nine
subjects, maxima in the number of pixels and t-score values
were 59% and 18% higher at 3.0 T than at 1.5 T, respectively,
an improvement that was lower than the observed 100% to
110% increase in signal-to-noise ratio at 3.0 T.

Conclusion: The somewhat disappointing increase in t-
scores at 3.0 T was attributed to the increased contribution
of physiologic noise at the higher field strength under the
given experimental conditions. At both field strengths, re-
ducing the effective image acquisition bandwidth from 35 to
17 Hz per pixel did not affect or only marginally affect the
BOLD sensitivity.
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(1) allows detection of neuronal activation through a
number of physiologic processes. Although the under-
lying contrast mechanism of BOLD fMRI is, as of yet,
not fully understood, in monkeys there is mounting
evidence of a direct correlation between the amplitude
of BOLD fMRI signals and neuronal activity as mea-
sured by local field potentials (2). In addition, in hu-
mans, some studies have reported good correlation of
BOLD localization and functional organization in the
human visual cortex (3,4).

BOLD contrast fMRI is generated at the venous side
of the neurovasculature, where significant deoxyhemo-
globin concentrations exist. The decrease in deoxyhe-
moglobin concentration during activation, attributed to
an increase in cerebral blood flow (CBF), leads to an
increased Ty* relaxation time constant, which results in
signal increases in Ty*-weighted MRI. The magnitude of
this Ty* effect is dependent on By field strength, and on
the geometric distribution and size of the vessels in-
volved. Changes in Ty* can be measured with gradient-
echo MRI, with contrast determined by echo time (TE).
Optimal contrast can be achieved by adjusting TE to
match the apparent tissue Ty* (5), which is determined
by By field strength, tissue characteristics, and macro-
scopic susceptibility effects.

Apart from physiologic factors, such as vascular ge-
ometry and dynamics, the contrast mechanisms as well
as the sensitivity of BOLD fMRI are determined by a
number of experimental factors, including the sensitiv-
ity of the MRI technique to detect subtle signal changes
associated with BOLD contrast, as well as the robust-
ness of the MRI acquisition technique in the presence of
motion. The latter factor can be optimized by using
single-shot MRI acquisition techniques such as echo-
planar imaging (EPI) or spiral imaging (6-8). Sensitivity
can be improved by going to higher magnetic field
strength, e.g., 3.0 Tesla (9-11), 4.0 Tesla (12-14), or 7.0
Tesla (15,16). A further gain can be achieved by the use
of dedicated MRI receiver coils (4). At given field
strength and with fixed instrumentation, BOLD sensi-
tivity in fMRI is also dependent on acquisition param-
eters such as voxel size (17,18), echo time (4-6,19-21),
and acquisition bandwidth.

The sensitivity of a BOLD experiment is determined
by the available BOLD contrast, relative to the experi-
mental noise. The experimental noise results from sev-
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eral sources, including the intrinsic (thermal) noise in-
herent to the MRI signal reception, and noise generated
by the measurement setup and physiologic processes
unrelated to the activation paradigm. These effects re-
sult from tissue pulsations, subject motion, and instru-
mental instabilities. Since all of these noise sources,
except thermal noise, have some TE dependence
(18,22), the optimum sensitivity in BOLD fMRI is not
necessarily found at TE = Ty*, the condition for maxi-
mum BOLD effect.

The thermal noise present in an MRI scan, relative to
the image intensity, can be reduced by lowering the
signal reception bandwidth per pixel. This is equivalent
to increasing the duration of the signal acquisition win-
dow. In an EPI acquisition, the tradeoff is an increased
level of artifacts (e.g., geometric distortions, resolution
loss through Ty*-blurring) along with a potentially re-
duced BOLD contrast, since a larger part of the acqui-
sition does not occur at optimal TE.

The experiments described below aim at investigating
these tradeoffs, by performing a series of fMRI experi-
ments at varying echo time (TE) and bandwidth. To
evaluate the influence of these two parameters on a
typical BOLD fMRI experiment, EPI acquisitions were
performed during an activation experiment involving
the motor cortex, using isotropic 4 mm resolution at
magnetic field strengths of 1.5 and 3.0 Tesla. Sensitiv-
ity was determined from statistical scores, and the var-
ious noise sources were quantified.

MATERIALS AND METHODS
MRI

MRI studies were performed on 1.5 T and 3.0 T MR
systems (General Electric, Milwaukee, WI) using
quadrature head coil transceivers. With this hardware,
the intrinsic signal-to-noise ratio of the 3.0 T system
was 100% to 110% higher than the 1.5 T system, as
measured on human brain and corrected for tissue
relaxation. Both systems were equipped with identical
gradients, capable of generating gradient fields of 4 X
1072 Tm ! with a slew-rate of 180 T m™ 'second .

Prior to each scan session, volunteer subjects gave
written informed consent to participate in the study,
which was approved by the Intramural Review Board
(IRB) at the National Institutes of Health. Earplugs were
provided for hearing protection against the acoustic
noise generated by the MRI gradient system.

A total of 24 functional neuroimaging motor stimula-
tion experiments were conducted on nine normal sub-
jects (five females and four males, mean age 28.7 *+ 5)
on both scanners, 13 at 1.5 T and 11 at 3.0 T. Some
subjects were scanned twice in the same week. Their
repositioning was based on scout images from the first
session. To minimize inconsistency between sessions,
standard home-built equipment was used at both fields
to secure the volunteer’s head in the same position
within the standard RF head-coil. A total of 10 axial
slices were oriented superior to inferior from the brain
vertex, onto a midsagittal scout image, so as to include
the primary sensorimotor cortex.

For the BOLD fMRI experiments, an in-house-devel-
oped gradient echo EPI technique (23) was used that
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acquired single-shot images with a matrix size of 64 X
64 over a field of view (FOV) of 240 X 240 mm?. One
additional EPI readout line was acquired as navigator to
correct for ghosting artifacts (24) and signal phase fluc-
tuations due to changes in By over the course of the
fMRI experiment. Only the data acquired on the flat
portions of the EPI read-gradient were used, which con-
stituted of 65% of the entire duration of the EPI train
length. Slice thickness and slice gap were 4 mm and 1
mm, respectively, and the nominal in-plane resolution
was 3.75 X 3.75 mm?. Repetition time (TR) and flip
angle were 3.0 seconds and 90°, respectively, a condi-
tion under which the contribution of inflow effects is
expected to be small (25). The image acquisition band-
width was 35 Hz per pixel.

Across the functional runs, the echo time was varied
from 30 to 80 msec (30 to 200 ms for the three subjects)
in a randomized time order, with steps of 5 msec (in the
range: 30-50 msec), 10 msec (in the range: 50-140
msec), and 20 msec (in the range: 140 to 200 msec).
Furthermore, on each subject, the image acquisition
bandwidth was varied between effective values of 35 Hz
and 17 Hz per pixel by using EPI trains of 40 and 80
msec in length, respectively. Maximum gradient
strength and slew-rate were 12.2 X 1073 Tm™ ! and 150
T m™ 'second ™, respectively, for the 35 Hz bandwidth,
and 6.1 X 107*Tm™ ' and 38 Tm™ 'second ! for the 17
Hz bandwidth. Bandwidth variation was done only at
TE values of 50 and 60 msec. For anatomical reference,
high-resolution T;-weighted spin-echo images (ma-
trix = 256 X 256, FOV = 240 mm, thickness = 4 mm,
gap = 1 mm, TR = 600 msec, TE = 16 msec) were also
acquired at the same location as the functional images.

Activation Paradigm

During the functional runs, subjects performed a se-
quential finger-tapping task, cued by a visual stimulus
projected onto a screen and paced at 2 Hz. All subjects
except one were strongly right handed and all per-
formed the task with the dominant hand. Although all
subjects were familiar with the task, one training ses-
sion was administered during the prescanning for
scanner adjustments and slice prescription proce-
dures. The experimental paradigm consisted of four
repetitive cycles (ON-OFF) during which the subjects
switched between rest and finger tapping every 30 sec-
onds. A total of 82 time-points were collected for each
TE in a total scan time just over 4 minutes.

Data Analysis

fMRI data were analyzed off-line on a Linux workstation
using the Interactive Data Language (RSI Inc.) and
MEDx (Sensor Systems, VA) software. Image recon-
struction and motion correction by spatial registration
were performed using home-written software based on
established code for registration (26,27). To facilitate
the comparison of runs performed under the various
conditions, all EPI images were normalized to their re-
spective thermal noise levels, as determined from a
region of interest (ROI) containing about 20 pixels out-
side of the brain and free of image artifacts. The thermal
(intrinsic) noise levels were calculated as the average of
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Figure 1. Example of anatomical preselection of primary sensorimotor cortex (yellow) and prefrontal cortex (PFC, green) ROIs
for measurement of activation signal and noise (a). The selection was performed on a high resolution T1-weighted image, aligned
with the functional data. The actual activation t-map (1.5 T, TE = 60 msec) is shown in (b).

the temporal SD of each pixel within the ROI, and in-
cluded a Rayleigh correction to account for effects of
noise rectification in magnitude images. As expected,
thermal noise levels were constant across TE values,
but not across bandwidths.

For each subject, obvious motion artifacts were as-
sessed by inspection of the image intensity time-course
of a few randomly chosen pixels. In addition, the pres-
ence of potential motion artifacts was evaluated by in-
specting the motion correction parameters from the
spatial registration routine. As it turned out, no correc-
tions exceeding 2 mm were made on any of the runs and
none of the subjects were excluded from further analy-
sis.

To determine the activated voxels in each run, a mul-
tilinear regression analysis was performed, which in-
cluded a modeled hemodynamic response curve based
on the activation paradigm (a truncated Gaussian func-
tion with an o of 3.5 seconds and a delay from stimulus
to the top of the response of 5 seconds) and a linear
function to model signal drift that was sometimes
present in the time-series data. The statistical activa-
tion threshold was set at P = 0.05 after Bonferroni
correction, based on the size of the preselected regions
of interest. This resulted in t-thresholds ranging from
3.62 to 3.72.

Further analysis was aimed at determining ROIs to
compare activation across the different runs performed
under the various conditions described above. A single
activation-based ROI across TEs and bandwidths was
generated, based on the combination of activated areas
from each run (28). This involved the following steps:

1. On each subject, an anatomical region encom-
passing the primary sensorimotor cortex (includ-

ing M1 and S1) contralateral to the dominant hand
was selected based on established landmarks
(29,30) using the T,-weighted images (Fig. 1). This
region extended through the four to five slices that
best exposed the motor cortex and was traced
along the central sulcus encompassing both the
precentral and the postcentral gyri, yielding a total
volume of ~200 voxels, depending on the subject’s
anatomy. In order to minimize potential suscepti-
bility problems, pixels at the edge of the brain were
not included in the ROI. The ROI selection was
done separately for 1.5 T and 3.0 T data.

2. AROI was generated based on all voxels within the
preselected primary sensorimotor cortex region
that were statistically activated in any of the runs.
This was done separately for the 1.5 T and the 3.0
T studies.

3. Only voxels that were in ROI's as defined in items
1 and 2 were subject to further analysis. In the
following this region is indicated by sensorimotor
cortex (SMC).

Subsequently, the average t-score, the mean activa-
tion signal, and the temporal noise level (SD over time)
in SMC, as well as the total number of activated voxels
were calculated for each subject, field strength, TE, and
bandwidth. For comparison, the temporal noise level
was also determined in an anatomical ROI over the
prefrontal cortex (PFC), ipsilateral to the dominant
hand (Fig. 1), and in an ROI from a region outside the
brain. Lastly, estimates of Ty* relaxation times were
derived from the SMC ROIs using a single exponential
fit to the TE-dependent signal strength.
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Figure 2. Average noise in SMC (solid lines) and PFC areas
(dotted lines) as a function of TE, at 1.5 T (red) and 3.0 T (blue).
Noise levels scaled to the intrinsic (thermal) noise level at each
field.

RESULTS
Signal and Noise

The temporal noise levels in the ROIs chosen from a
region outside the brain were independent of TE at both
field strengths, confirming the expectation that it re-
flects thermal noise exclusively. Temporal noise levels
in SMC and PFC areas, which reflected a combination
of thermal and physiologic noise sources, are given in
Fig. 2, scaled to thermal noise levels measured at each
field and averaged over all scan sessions.

At 1.5 T, temporal noise levels in all areas showed
weak TE dependence, with a trend towards lower noise
at longer TEs. Averaged over all TEs, these noise levels
were 45.0% and 15.5% above thermal noise in SMC and
PFC areas, respectively.

At 3.0 T, temporal noise levels in SMC and PFC areas
generally decreased with TE and were on average higher
than at 1.5 T (95.6% and 59.1% above thermal noise,
respectively). In the SMC area, there was a slight in-
crease in temporal noise going from TE = 30 msec to
TE = 45 msec, after which there was a general down-
ward trend. Maximum temporal noise levels were
117.1% and 112.5% above thermal noise in SMC and
PFC areas, respectively.

The TE dependence on brain signal amplitude, rela-
tive to thermal noise and averaged over all scan ses-
sions is given in Fig. 3. At TEs below 110 msec, the 3.0
T signal was higher than the 1.5 T signal, and reached
a maximum that is 93.6% higher than the 1.5 T maxi-
mum at the shortest echo time (TE = 30 msec).

To* values were 73.2(+£9.9) msec and 48.9(*=5.1) msec
at 1.5 T and 3.0 T, respectively, as estimated from the
average of single exponential fits to the TE-series data of
the individual scan sessions.

At the lower bandwidth of 17 Hz per pixel, brain
signal levels (relative to intrinsic noise) were 25% and
15% higher compared to the 35 Hz per pixel bandwidth
at 1.5 T and 3.0 T, respectively. This was somewhat
below the 41% improvement expected based on theo-
retical grounds, in absence of Ty* relaxation and image
artifacts. Temporal noise levels increased at the lower
bandwidth, in particular at 3.0 T. The increases were
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Figure 3. Dependence of SMC brain signal on TE at 1.5 T (red)
and 3.0 T (blue). Signal amplitudes were averaged over al
subjects, and scaled to intrinsic noise level at each field. Error
bars indicate the positive (3.0 T) or negative (1.5 T) half of the
SD.

14% and 22% at TE = 50 msec and TE = 60 msec,
respectively.

JMRI Sensitivity

The motor task elicited a strong BOLD response in the
primary sensorimotor cortex in all subjects. The activa-
tion maps generated with identical statistical thresh-
olds (P < 0.05, Bonferroni corrected) showed a consis-
tently greater extent of activation in the 3.0 T than in
the 1.5 T data, except for TEs longer than 130 msec.
Results of the fMRI experiments at varying TE are given
in Figs. 4, 5 and 6, showing extent of activation, ampli-
tude of activation, and average t-score, respectively. At
each field strength, the three quantities showed similar
trends.

At 1.5 T, the number of activated voxels (Fig. 4)
reached a relatively broad maximum at TEs between
50-160 msec, with a rapid dropoff outside this range.
The extent of activation found at 3.0 T was generally
much larger (P < 0.0007 within the range of TEs of

SMC ROI
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voxels

40 60 &0 100 120 140 160 180
echo time (ms)

200

Figure 4. Spatial extent of SMC activation as function of TE.
At the TEs optimal for the individual field strengths, the num-
ber of active voxels is about 61% larger at 3.0 T as compared to
1.5T (P< 1.75 X 10 9). Error bars indicate the positive (3.0 T)
or negative (1.5 T) half of the SD.
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Figure 5. Measured and simulated average amplitude of SMC activation as function of TE at 1.5 T (a, red) and 3.0 T (b, blue),
averaged over scan sessions. Maximum activation signal was found around TE = 70 msec (1.5 T) and around TE = 50 msec (3.0
T). Solid lines represent fit to single exponential model of To* relaxation. Error bars indicate SD.

30-130 msec), with a broad optimum found at TEs
between 30 and 110 msec. At the optimal TEs for each
field strength, the averaged number of activated voxels
was about 58.7% larger at 3.0 T as compared to 1.5 T.

Although the number of activated voxels contains
some information about fMRI sensitivity, its use for
comparing relative performance of activation experi-
ments has a number of drawbacks. One drawback is
the limited dynamic range due to the fact that above a
certain minimum sensitivity, all activated cortex will
pass threshold, after which the number of voxels pass-
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Figure 6. Statistical t-score as a function of TE, averaged over
activated voxels in SMC in all scan sessions. The t-scores had
a broad optimum around TE = 45 msec (t = 4.0) and at TE =
50-60 msec (t = 3.4) for the 3 T and the 1.5 T data, respec-
tively. At TEs below 60 msec, the average t-score at 3.0 T is
significantly higher than at 1.5 T (P < 0.01). Error bars indi-
cate the positive (3.0 T) or negative (1.5 T) half of the SD
between sessions.

ing threshold is not expected to increase with increased
sensitivity.

The amplitude of activation (Fig. 5) found at 3.0 T was
generally higher (74.9% averaged over all TEs) than that
at 1.5 T. Simulating the MRI signal behavior as a single
exponential signal decay, with resting T,* values of 73.2
and 48.9 msec at 1.5 and 3.0 T, respectively, and an
increase in Ty* to 75.3 and 49.6 msec, respectively
during activation, the measured signal behavior could
be reproduced reasonably well (Fig. 5). The simulations
somewhat overestimated the activation amplitude at
short TE at 1.5 T, and at the longer TEs at 3.0 T. The
maximum of the fit to the 3.0 T data (at TE = 47 msec)
was 92% higher than the 1.5 T maximum (TE = 70
msec).

The t-scores averaged over the activated voxels in all
scan sessions (Fig. 6) reached maxima of 3.4 (TE =
50-60 msec) and 4.0 (TE = 45 msec) at 1.5 and 3.0 T,
respectively. The TE range for optimum t-score was very
broad at both fields and was within 20% of optimum in
aTE range of 50-160 msec at 1.5 T and 30-110 msec at
3.0 T. At TEs below 60 msec, the average t-score at 3.0
T was significantly higher than at 1.5 T (P < 0.0095).
Between TE = 60 msec and TE = 110 msec, average
t-scores were similar at both fields, whereas beyond
TE = 110 msec, 1.5 T t-scores were higher than the 3.0
T values (P < 0.004).

The effects of bandwidth on fMRI measures are given
in Table 1. Despite the increase in MRI signal at lower
bandwidth, extent and significance of activation were
not, or at best, marginally increased. At 1.5 T, the ex-
tent of activation was slightly reduced, whereas the
average t-score in this area improved slightly, but not
significantly (1.2%, P < 0.1). At 3.0 T, both the extent of
activation (13%, P < 0.006) and t-scores (7.0%, P <
0.01) were reduced at the lower bandwidth.
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Table 1
Variation of EPI Acquisition Bandwidth
1.5 T data 3 T data
TE (msec) 50 60 50 60
Bandwidth 35 Hz 17 Hz 35 Hz 17 Hz 35 Hz 17 Hz 35 Hz 17 Hz
T-score 3.45 3.68 3.39 3.65 3.80 3.41 3.55 3.16
SMC signal amplitude 84.2 106.6 721 91.7 98.3 120.6 79.11 97.55
PFC signal amplitude 89.0 111.3 76.8 97.3 94.99 126.17 78.21 104.17
Temporal noise 1.46 1.53 1.48 1.55 2.66 3.02 2.36 2.89
No. activated voxels 27.8 26.9 27.8 25.7 47.5 38.6 40.6 36.6

DISCUSSION

The results of our EPI BOLD fMRI motor activation
experiments showed that the largest activation signal in
the SMC at 1.5 T and 3.0 T is achieved at between TE =
50 and 60 msec and around TE = 45 msec, respec-
tively. These TEs are close to the respective tissue Ty*
values at both fields, consistent with theory based on
single exponential signal decay, and consistent with
results of previous studies (20).

Where 1.5 T data showed noise levels almost inde-
pendent of TE, at 3.0 T, temporal noise levels (Fig. 2)
were generally found to decrease with TE. This down-
ward trend with TE is attributed to head motion and to
physiologic noise sources, such as tissue pulsations
related to cardiac and respiratory cycles (9,22), which
usually scale with image intensity level. Furthermore,
the increase in temporal noise in SMC at TE = 45 msec,
is consistent with the presence of BOLD effects not
correlated with the activation model (18,22). The latter
should result in increased noise levels around TE = Ty*.

Because of the substantial contribution of TE-depen-
dent noise at 3.0 T, the overall sensitivity of the fMRI
experiment in terms of average t-score over a given area
of activation did not follow theoretical predictions based
on amplitude of activation alone (5). The decreasing
noise levels at longer TEs led to a broadening of the
t-score vs. TE curve towards longer TEs (Fig. 6), and a
nearly constant t-score for TEs in the range of 30-110
msec. This was not the case at 1.5 T, where the thermal
noise contribution was higher, a minimal TE depen-
dency of the noise level was observed, and t-scores
showed a TE dependence that was similar to that of the
activation amplitude.

Despite increased intrinsic SNR at 3.0 T, the ROI-
averaged t-scores for 1.5 T and 3.0 T were rather simi-
lar. This is partly due to the increased temporal noise at
3.0 T, and partly due to the fact that the active ROI
(SMC area) included a larger number of voxels at 3.0 T.
The extra voxels at 3.0 T are likely to have relatively low
t-scores and skew the average t-score towards lower
values.

Reduction of the acquisition bandwidth did not give
the gain in t-score that could be expected based on
sensitivity issues (i.e., signal amplitude levels relative to
thermal noise). The increase in t-scores at 1.5 T was
only 1.2%, whereas bandwidth reduction led to a 7%
loss in t-scores at 3.0 T. An explanation is that signal
gains with bandwidth reduction are partially offset by
reduction in activation amplitude (because of increased
departure from optimum TE), possible increased blur-
ring, and an increase in physiologic noise. Note that

blurring effects are increased at 3.0 T due to the shorter
Ty* compared to 1.5 T. For equivalent blurring and
geometric distortions at both field strengths, one would
have to make the bandwidth at 3.0 T 50% and 100%
higher, respectively, assuming blurring to scale with
Ty* and geometric distortions to scale with field
strength. The effects of bandwidth reduction might be
different at higher spatial resolution (i.e., reduced voxel
size), depending on the contribution of physiologic
noise relative to that of intrinsic noise.

Increasing the spatial resolution beyond the 4 mm
cubic resolution investigated in this work could change
the outcome of the results. At higher spatial resolu-
tions, the relative role of physiologic noise is ultimately
reduced, possibly resulting in increased benefits of 3.0
T over 1.5 T. Furthermore, at higher resolution, base-
line Ty* is likely to increase due to the reduction in
signal dephasing, caused by macroscopic susceptibility
effects. At this point, the overall effect of resolution on
optimum TE is unclear. Measurement of Ty* in the
superior brain at 4, 2, and 1 mm cubic resolution show
no dramatic variation in global T,* values, although, at
3.0 T, locally significant differences are observed, espe-
cially in the presence of CSF spaces and larger veins
(Fig. 7, unpublished data from a separate experiment).
This is attributed to macroscopic susceptibility effects.

The results presented above are not directly extend-
able to other brain areas, where anatomy and physiol-
ogy, as well as magnetic properties of tissues (including
apparent T,*) are different. On the other hand, a study
of motor, visual, and auditory cortices at 3.0 T (21)
showed that the differences in optimum TE between the
different anatomical areas were small (between 30 and
45 msec for both motor and auditory cortices, and be-
tween 25 and 30 mec for the visual cortex); this sug-
gests some extendibility of the results presented above.

To some extent, the results presented in this work are
dependent on the type of filtering used to suppress
physiologic noise. In the ideal case, all physiologic noise
sources are modeled and incorporated in the analysis.
The linear detrending used in the experiments de-
scribed above is only a first approximation, which re-
moves most of the 1/f-like noise (31) present in {MRI
experiments. Signal fluctuations related to cardiac and
respiratory cycles, and neuronal activity uncorrelated
with the activation paradigm (in particular during “rest”
stages) was not effectively removed in our analysis.
These noise sources are likely to affect fMRI sensitivity,
in particular in situations with high intrinsic SNR (low
spatial resolution, low bandwidth, short TE, or high
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Figure 7. Dependence of Ty* on resolution. To* maps were calculated at 4, 2, and 1 mm (cubic) resolution from gradient echo
MRI data in superior brain. Global Ty* values do not dramatically increase at higher resolution. At 3.0 T, the 4 mm resolution
data shows more distinct local dark spots, attributed to macroscopic susceptibility effects.

field). Especially under these conditions, it is important
to accurately model the noise sources, or to reduce their
influence by filtering or by careful design of stimulation
paradigms.
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