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Rationale and Objective. The advantage of a higher static magnetic field for functional MRI has been advocated; how-
ever, the observed advantage varies. The aim of this study was to evaluate the effect of increasing static magnetic field
strength on the task-related increase in blood oxygenation level-dependent (BOLD) signal and residual noise with visual
stimuli of different frequencies, which may enable better comparisons of results of different MRI scanners.

Materials and Methods. Eight right-handed healthy volunteers were presented checkerboard stimuli flickering at 5 differ-
ent frequencies up to 8 Hz. Field strengths of 3 T or 1.5 T were used to measure frequency-dependent signal changes in
the primary visual area. Regression analysis was performed for the signal increase and the “noise,” which was defined by
the root mean of squares of the residual signal fluctuation. These values were compared and their relationship was ana-
lyzed. Imaging parameters were identical except for the use of a 25% shorter echo time using 3 T.

Results. The frequency-dependent increase in BOLD signal using 3 T was twice that using 1.5 T. In contrast, the ratio of
noise values that reflect time-course signal fluctuation (3 T/1.5 T) was only 0.88. There was large individual variance in
these values, but the slope and noise values were linearly related using either field strength. The contrast-to-noise ratio
using 3 T was 2.3 times higher than that using 1.5 T.

Conclusion. There was a greater-than-linear increase in the contrast-to-noise ratio compared with the increase of field
strength, demonstrating an advantage of using higher field strengths in fMRI studies.
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Functional MRI (fMRI) is now widely accepted as one of tion. Many fMRI experiments use the blood oxygenation
the standard tools for the analysis of human brain func- level-dependent (BOLD) contrast measurement (1). Us-
ing a static magnetic field strength of 1.5 T, the BOLD
signal change is usually small (only a few percent), and
the ratio of activation signal increase over background
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small vessels (diameter < 8 wm, capillaries) (4). This
raises the possibility that use of a higher static magnetic
field strength would be advantageous for detecting task-
related signal changes in fMRI experiments, particularly
at the level of capillaries. Previous studies indicate that
the detectability of signal changes increases using higher
field strengths, but the results are not consistent. The ob-
served signal differences vary from being almost the same
(5), to almost linear (6), and to supralinear (7) with an
increase in field strength. Such discrepancies may be due
in part to differences in background signal (noise), the
definition of the region of interest, and the scan parame-
ters used, such as repetition time (TR), echo time (TE),
and flip angle (FA).

Statistical results are a function not only of the magni-
tude of the comparators (in this case signal change) but
also of the variability (in this case fluctuation in back-
ground signal, ie, “noise”). In fMRI studies (2,3,5,6,8,9),
the ratio of the task-related signal change to background
signal fluctuation is called the contrast-to-noise ratio
(CNR) and is different from the signal-to-noise ratio
(SNR) observed in each single image. The background
signal fluctuations are caused by numerous factors, in-
cluding thermal noise, pulsatile flow of blood and cere-
brospinal fluid, changes in blood oxygenation with respi-
ration, and head motion (3,10). Therefore, task-related
signal changes and the background signal fluctuations
should be evaluated separately and compared to make a
reliable inference on the merit of using higher field
strength.

In the present study, we adopted a task in which the
activation levels changed linearly with the grading of
stimuli. Use of a parametric experiment was advantageous
because, although absolute signal intensity is not a reli-
able measure in fMRI, the degree of signal changes ob-
served during graded tasks was mutually scaled and nor-
malized among sessions (at least within the linear portion
of the change in signal) and comparison among subjects
and setups (including scanners) was possible (2). There is
a linear increase in signal in the primary visual areas in
response to viewing increasing frequencies of flickering
stimulus up to 8 Hz (11) that is suitable for parametric
analysis. It allows a measurement of internally referenced
gradual signal changes and is less confounded by factors
such as subject position, shimming, and scanner calibra-
tion at different field magnets (12). To investigate the
possible advantages of using higher magnetic field
strengths, we measured frequency-dependent response
amplitude and its residual errors (noise) in the primary
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visual area using 2 different static magnetic field
strengths.

MATERIALS AND METHODS

Eight right-handed healthy volunteers (4 men and 4
women, 26.0 = 3.70 years old) gave written informed con-
sent and participated in the study. This study was approved
by the institutional ethical committee. Flickering black-and-
white circular checkerboard stimuli were presented at five
different frequencies (1, 2, 4, 6, and 8 Hz) generated by
CIGAL software (University of Pittsburgh, Pittsburgh, PA)
(13), each frequency used in a separate session. The control
condition was eye-fixation on a crosshair. In each session,
the control (C) screen and flickering stimuli (S) were alter-
nately presented, each for 32 seconds; repeated 3 times; and
followed by a last control condition (CSCSCSC). For both
measurements, the same video projection setup was used
(ELP-7200, Epson, Tokyo, Japan). This setup allowed view-
ing of stimuli with a visual angle of approximately 32.5 de-
grees horizontally and 16.7 degrees vertically. Subjects were
instructed to give the same level of attention to each part of
the experiments.

Data Acquisition

The images were acquired using a 1.5 T or a 3 T scan-
ner (Signa, GE, Milwaukee, WI) with a single-shot gradi-
ent echo (GE) echo planar imaging (EPI) sequence. The
same design of standard circulatory polarizing head coils
was used for both scanners. Common parameters were:
TR = 4 seconds, FA = 90°, field of view = 22 cm, ma-
trix size = 64 x 64 in 26 axial planes of 4 mm thickness
with a 1-mm gap. This long TR of 4 seconds is typical
for a study involving imaging the whole brain, in which
activation is dominated by the level of blood oxygenation
and vascular enhancement related to inflow effects is min-
imized (14). TE was 40 ms when using 1.5 T and 30 ms
when using 3 T. With an intermission of approximately
30 minutes, the same tasks were performed using a differ-
ent magnetic field strength. The orders of both task fre-
quencies and field strengths were randomized among sub-
jects. When using 1.5 T, the anatomical images were ac-
quired with a T1-weighted, 3-dimensional, inversion
recovery, GE sequence using the following parameters:
FA = 15°, TE = 4.2 ms, TR = 30 ms, and inversion
time = 300 ms. The matrix size was 256 X 256 and 124
slices of 1.5 mm thickness were scanned. When using
3 T, the same dimension of anatomical images as when
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Figure 1. An example of the region of interest placed along the calcarine fissure is indicated in black. (a) Coronal view. (b) Sagittal

view.

using 1.5 T was acquired with a T2-weighted, fast spin
echo sequence using the following parameters: TR =
6000 ms and TE = 70 ms, although the number of ac-
quired slices was 112.

Data Processing

Data was analyzed using SPM99 (Wellcome Depart-
ment of Cognitive Neurology, London, UK) implemented
using Matlab (Mathworks, Sherborn, MA) (15). The first
4 images were discarded to allow stabilization of the
magnetization. Functional images were realigned to the
first image for movement correction, transformed into a
standard stereotaxic space (16) using the least square
method (17) using anatomical images that had been
coregistered to the referenced EPI images, and smoothed
with a 6 mm full width at half maximum (FWHM)
Gaussian filter. The anatomical images of the same sub-
jects collected using both field strengths were coregistered
and T2-weighted anatomy was used for normalization.
Each 32-second checkerboard stimulation block was ana-
lyzed separately and the signal changes were estimated
after scaling the mean value of time-course signals to 100
for each and every voxel, which yielded 3 sets of re-
sponse amplitude images (or percent signal change im-
ages) for each of 5 stimulus frequencies. Signal fluctua-
tions slower than half of the task frequency were modeled
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and removed. Task-related signal changes were averaged
over the subsets of voxels at and around the calcarine
sulcus (18-21) (Figure 1) with reference to a standard
brain atlas (22), because of individual variances in the
calcarine anatomy (20,21). These voxels were cross-refer-
enced with the EPI and anatomical images to confirm that
they did not lie in a “dark” line that represents a blood
vessel (8). Voxels in which the signal decreased at any
stimulus frequency using either field strength were ex-
cluded and the region of interest that was common to
both field strengths was used. A linear regression line for
the task-related signal increases plotted against the fre-
quencies was calculated for each subject and the slopes of
the lines of all subjects were compared between 1.5 T
and 3 T. Residual time-course signal fluctuations after the
subtraction of estimated task-related signal change were
averaged as root mean of squares, which is referred to as
noise in the following.

RESULTS

The average coefficients for linear regression between
frequency and signal increase were 0.62 * 0.13 (mean *
S.D.) using 1.5 T and 0.75 = 0.10 using 3 T (Table 1).
In all subjects, the significance level of linear fit was
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Table 1
The Average of Regression Coefficients

Field strength mean = S.D.

3T 0.75 = 0.10
1.5T0.62 = 0.13

P < .05)

P < .05, but there was a significantly better fit using 3 T,
shown by a significant difference in the regression coeffi-
cients (P < .003). The slope of the regression lines was
steeper using 3 T. The averages were 0.049 = 0.033
using 1.5 T and 0.097 = 0.075 using 3 T (Fig. 2). When
these values were viewed individually, they ranged from
0.021 to 0.11 using 1.5 T and from 0.040 to 0.28 using

3 T. Individual ratios of slope values using 3 T compared
to those using 1.5 T ranged from 1.1 to 2.9 and the aver-
age was 2.0 = 0.56. In the V1, noise was smaller using

3 T than that using 1.5 T. Noise values ranged from 0.43
to 1.92 using 1.5 T and from 0.42 to 1.97 using 3 T and
the averages were 0.93 = 0.53 and 0.78 = 0.49, respec-
tively. The ratios of noise values using 3 T to those using
1.5 T ranged from 0.44 to 1.1 and the average was 0.88 *
0.20.

When the slope values of the regression lines were
plotted against noise values, there was a linear relation-
ship between these values using either field strength (r >
0.95, Fig. 3). These values ranged from 0.038 to 0.081
and the average was 0.053 = 0.016 using 1.5 T and from
0.075 to 0.16 and the average was 0.12 = 0.031
using 3 T. The ratio of slope to noise values yielded a
relative CNR, because the slope value was the ratio of
signal increase to stimulus frequency. The relative CNR
comparing use of 3 T to 1.5 T was 2.3.

The results of the present study indicate that there is
an advantage to using higher static magnetic field
strengths when conducting fMRI experiments involving
BOLD contrast analysis. The contrast-to-noise ratio was
supralinear with an increase in field strength: CNR in-
creased 15% more than the increase in field strength. Al-
though the task-related signal increase varied from one
subject to another with the increased field strength, they
were positively correlated with the noise.

In the present study, we defined the region of interest on
the primary visual cortex based on the anatomical definition.
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Figure 2. A representative example of the linear relationship be-
tween stimulus frequencies and the average percent signal
changes using either field strength in a single subject. Closed cir-
cles represent data collected using 1.5 T and open circles repre-
sent data collected using 3 T. The error bars indicate the stan-
dard deviations.

Several previous studies defined their ROI based on areas
activated over a certain threshold. Studies that have used the
former method (7) reported larger signal increases than stud-
ies that used the latter method (5,6) when experiments were
performed at higher magnetic field strengths, consistent with
the results of the present study. The linear (or less) signal
increase observed in studies using the latter method may be
due to the fact that 36% (5) to 70% (6) more voxels were
included in the average using higher field strengths. When
the number of activated voxels increases, the averaged signal
increment decreases (5,23). A comparison of signal changes
using different field strengths based on the activated voxels
may result in underestimation of the signal increase, because
voxels with a smaller task-related increment may then ex-
ceed a certain threshold upon activation at higher field
strengths and be included for averaging. This is especially
true when the residual signal fluctuations decrease using
higher field strengths.

In the present study, the average ratio of the slope values
using 3 T to those using 1.5 T was 2.0, indicating that the
signal change increased linearly with the increase in static
magnetic field strength. This result, however, is affected by
25% shorter TE value (or transverse relaxation time) for the
data collected using 3 T (30 ms) than that using 1.5 T
(40 ms). Different TE values were adopted because T, and
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Figure 3. The individual slope values were plotted against RMS
values using 1.5 T (closed circles) or 3 T (open circles). There was
a linear relationship between slope and RMS values using either
field strength (r > 0.95).

T properties are dependent on field strength and scan pa-
rameters must be adjusted so that the signal defect (24) and
image distortion (25) caused by susceptibility artifact are
kept within an acceptable level. To evaluate the signal in-
creases under the same conditions, the change in the appar-
ent transverse relaxation rate (AR?) that is independent of
TE values should be compared. It can be approximated by
the equation:

AR;=AS/TE

where AS is percent signal change by activation (6). In
the present study, the slopes of the regression lines can be
substituted for AS. Thus, the averaged ratio of AR} using
3 T to that using 1.5 T was 2.7. This supralinear relation-
ship is equivalent to the result reported by Turner

et al (7), who evaluated the activation signal increase
from a fixed ROI and adjusted for difference in TE values
using 1.5 T or 4 T. Yang et al (6) also compared AR}
values using 1.5 T or 4 T and found that the increase was
almost linear. They extracted signal changes from acti-
vated areas above a certain threshold, however, resulting
in the averaging of more voxels using 4 T than using

1.5 T. An increase in the number of averaged voxels
likely results in an underestimation of percent signal
changes, as discussed previously.
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There was a significant difference in the regression
coefficients between observations using 1.5 T or 3 T in
the present study. This difference, however, may not af-
fect the estimation of the regression coefficients. Cohen
and DuBois (23) conducted a Monte Carlo experiment
and examined the accuracy to which the slope could be
measured under a variety of different noise conditions.
Their results suggest that even under very noisy condi-
tions, the slope can be determined relatively precisely. In
the present study therefore, the differences in the regres-
sion coefficients between observations using 1.5 T or 3 T
were not considered to have much influence on the accu-
racy of the regression slope estimations.

When evaluating neuronal activation in fMRI experi-
ments, most methods rely on a statistical measure that
compares the degree of signal increase to the underlying
baseline signal fluctuation (26). Thus, the amount of sig-
nal increase and analysis of the signal fluctuation irrele-
vant to the task (ie, noise) are both important. In the
present study, we found that the average of noise values
using 3 T was 12% less than that using 1.5 T. The noise
components in BOLD imaging can be divided into non-
physiological (o, thermal, and system) and physiological
(0,,) noise (9). The signal and the intrinsic non-physiolog-
ical noise in each MRI image have been shown to be
quadratic and linear to static magnetic field strength, re-
spectively (27). Hence, the noise in each image should be
half at 3 T in comparison with 1.5 T, if the signal level is
the same. In our analysis, the average time-course signal
values were normalized to 100 at both magnetic field
strengths, and non-physiological noise should be half at
3 T. However, we observed much less reduction in the
total amount of noise in the current study. According to
Kruger and Glover (9), the physiological noise is further
divided into two components: one is dependent on the
BOLD contrast (o) and the other is not (ong). Their
measurements revealed that 84% of the noise in BOLD
imaging was explained by the BOLD contrast-dependent
noise (og), which can be calculated as:

(TB:C]‘AS

where c; is a constant and AS is the degree of signal
change (9). Therefore, if the task-related signal increase is
large, then the increase in noise will also be large, given
that op is the predominant component of the total noise.
Therefore, the advantage of better signal-to-noise of each
image at 3 T was largely impaired by the increase in
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physiological noise, resulting in only slight improvement
in terms of the total noise level. The results also showed
that slope/noise is dependent on the static magnetic field
strength (Fig. 3). Because ¢, is equal to o/AS, the in-
verse of CNR, slope/noise is equal to relative CNR. The
large interindividual variability of signal change and noise
may reflect differences in the individual responses and
noise characteristics of that particular experiment session.
The positive linear relationships among subjects at either
field strength, however, indicate that the higher CNR
yields an advantage to using higher field strengths for
fMRI experiments involving BOLD contrast analysis. The
averages of relative CNR (slope/noise) were 0.053 using
1.5 T and 0.12 using 3 T, and the 3 T/1.5 T ratio was
2.3; a greater-than-linear increase. With implementation
of the noise reduction methods, especially physiological
ones (28-30), the advantage of a higher magnetic field in
functional imaging will be more pronounced by further
reduction of the noise.

Using parametric analysis, we examined internally refer-
enced task-related fMRI signal change and noise using dif-
ferent magnetic field strengths. Using 25% shorter TE to
maintain artifacts within acceptable levels, the increase in
response amplitude using 3 T in comparison to that using
1.5 T was almost linear to the increase in field strength.
Analysis of the increase in noise level, however, showed that
the statistical inference was supralinear, confirming the ad-
vantage of using higher magnetic field strengths in fMRI
studies involving BOLD contrast analysis.

1. Ogawa S, Lee TM, Kay AR, Tank DW. Brain magnetic resonance imag-
ing with contrast dependent on blood oxygenation. Proc Natl Acad Sci
USA 1990; 87:9868-9872.

2. Cohen MS. Parametric analysis of fMRI data using linear systems
methods. Neuroimage 1997; 6:93-103.

3. Weisskoff RM, Baker J, Nelliveau J, et al. Power spectrum analysis of
functionally-weighted MR data: What’s in the noise? Proc ISMRM
1993; 1.7.

4. Ogawa S, Menon RS, Tank DW, et al. Functional brain mapping by
blood oxygenation level-dependent contrast magnetic resonance imag-
ing. A comparison of signal characteristics with a biophysical model.
Biophys J 1993; 64:803-812.

5. Kruger G, Kastrup A, Glover GH. Neuroimaging at 1.5 T and 3.0 T:
Comparison of oxygenation-sensitive magnetic resonance imaging.
Magn Reson Med 2001; 45:595-604.

6. Yang Y, Wen H, Mattay VS, Balaban RS, Frank JA, Duyn JH. Compari-
son of 3D BOLD functional MRI with spiral acquisition at 1.5 and 4.0 T.
Neuroimage 1999; 9:446-451.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

. Turner R, Jezzard P, Wen H, et al. Functional mapping of the human

visual cortex at 4 and 1.5 Tesla using deoxygenation contrast EPI.
Magn Reson Med 1993; 29:277-279.

. Gati JS, Menon RS, Ugurbil K, Rutt BK. Experimental determination of

the BOLD field strength dependence in vessels and tissue. Magn Re-
son Med 1997; 38:296-302.

. Kruger G, Glover GH. Physiological noise in oxygenation-sensitive

magnetic resonance imaging. Magn Reson Med 2001; 46:631-637.
Hajnal JV, Myers R, Oatridge A, Schwieso JE, Yound IR. Artifacts due
to stimulus correlated motion in functional imaging of the brain. Magn
Reson Med 1994; 31:283-291.

Fox PT, Raichle ME. Stimulus rate dependence of regional cerebral
blood flow in human striate cortex, demonstrated by positron emission
tomography. J Neurophysiol 1984; 51:1109-1120.

Howseman A, McGonigle D, Grootoonk S, Ramdeen J, Athwal B,
Turner R. Assessment of the variability in fMRI data sets due to subject
positioning and calibration of the MRI scanner. Neuroimage 1998;
8:5599.

Voyvodic JT. Real-time fMRI paradigm control, physiology, and behav-
ior combined with near real-time statistical analysis. Neuroimage 1999;
10:91-106.

Howseman AM, Grootoonk S, Porter DA, Ramdeen J, Holmes AP, Turner
R. The effect of slice order and thickness on fMRI activation data using
multislice echo-planar imaging. Neuroimage 1999; 9:363-376.

Friston KJ, Holmes AP, Worsley KJ, Poline JB, Frith CD, Frackowiak
RSJ. Statistical parametric maps in funcitonal imaging: A general linear
approach. Hum. Brain Mapp 1995; 2:189-210.

Mazziotta JC, Toga AW, Evans A, Fox P, Lancaster J. A probabilistic
atlas of the human brain: theory and rationale for its development. The
International Consortium for Brain Mapping (ICBM). Neuroimage 1995;
2:89-101.

Friston KJ, Ashburner J, Frith CD, Heather JD, Frackowiak RSJ. Spatial
registration and normalization of images. Hum Brain Mapp 1995;
2:165-189.

Stensaas SS, Eddington DK, Dobelle WH. The topography and variabil-
ity of the primary visual cortex in man. J Neurosurg 1974; 40:747-755.
Boynton GM, Engel SA, Glover GH, Heeger DJ. Linear systems analy-
sis of functional magnetic resonance imaging in human V1. J Neurosci
1996; 16:4207-4221.

Tootell RB, Hadjikhani NK, Vanduffel W, et al. Functional analysis of
primary visual cortex (V1) in humans. Proc Natl Acad Sci US A 1998;
95:811-817.

Amunts K, Malikovic A, Mohlberg H, Schormann T, Zilles K. Brod-
mann’s areas 17 and 18 brought into stereotaxic space-where and
how variable? Neuroimage 2000; 11:66-84.

Talairach J, Tournoux P. Coplanar Stereotaxic Atlas of the Human
Brain. Stuttgart: Thieme, 2000.

Cohen MS, DuBois RM. Stability, repeatability, and the expression of
signal magnitude in functional magnetic resonance imaging. J Magn
Reson Imaging 1999; 10:33-40.

Ojemann JG, Akbudak E, Snyder AZ, McKinstry RC, Raichle ME, Con-
turo TE. Anatomic localization and quantitative analysis of gradient re-
focused echo-planar fMRI susceptibility artifacts. Neuroimage 1997;
6:156-167.

Jezzard P, Clare S. Sources of distortion in functional MRI data. Hum
Brain Mapp 1999; 8:80-85.

Weisskoff RM. Simple measurement of scanner stability for functional
NMR imaging of activation in the brain. Magn Reson Med 1996; 36:643—
645.

Edelstein WA, Glover GH, Hardy CJ, Redington RW. The intrinsic sig-
nal-to-noise ratio in NMR imaging. Magn Reson Med 1986; 3:604-18.
Hu X, Le TH, Parrish T, Erhard P. Retrospective estimation and correc-
tion of physiological fluctuation in functional MRI. Magn Reson Med
1995; 34:201-12.

Biswal B, DeYoe AE, Hyde JS. Reduction of physiological fluctuations
in fMRI using digital filters. Magn Reson Med 1996; 35:107-13.

Peltier SJ, Noll DC. Systematic noise compensation for simultaneous
multislice acquisition using rosette trajectories (SMART). Magn Reson
Med 1999; 41:1073-6.

147



	Magnetic Field Strength Increase Yields Significantly Greater Contrast-to-Noise Ratio Increase: Measured Using BOLD Contrast in the Primary Vis
	MATERIALS AND METHODS
	Data Acquisition
	Data Processing

	RESULTS
	DISCUSSION
	CONCLUSION
	REFERENCES


