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B,-Fluctuation-Induced Temporal Variation in EPI
Image Series Due to the Disturbance of Steady-State

Free Precession

Xiaoli Zhao,! Jerzy Bodurka,? Andrzej Jesmanowicz,' and Shi-Jiang Li'"

Steady-state free precession (SSFP) can develop under a train
of RF pulses, given the condition TR < T,. SSFP in multi-shot
imaging sequences has been well studied. It is shown here that
serial single-shot echo-planar imaging (EPI) acquisition can
also develop SSFP, and the SSFP can be disturbed by B, fluc-
tuation, causing voxel-wise temporal variation. This SSFP dis-
turbance is predominantly present in cerebrospinal fluid (CSF)
regions due to the long T, value. By applying a sufficiently
strong crusher gradient in the EPI pulse sequence, the temporal
variation induced by SSFP disturbance can be suppressed due
to diffusion. Evidence is provided to indicate that physiological
motions such as cardiac pulsation and respiration could affect
the voxel-wise time courses through the mechanism of SSFP
disturbance. It is advised that if the disturbance is observed in
serial EPI images, the crusher should be made stronger to
eliminate the unwanted temporal variation. Magn Reson Med
44:758-765, 2000. © 2000 Wiley-Liss, Inc.
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Steady-state free precession (SSFP) (1-3) can be developed
by a class of multi-shot fast imaging sequences that in-
clude fourier acqured steady-state technique (4), refocused
fast low angle shot (FLASH) (5,6), and fast imaging with
steady-state free precession (7). The train of the RF pulses
in an SSFP sequence, under the condition TR < T,, can
form an echo signal S~ prior to an RF pulse that is due to
the partial refocusing effect of the RF pulses (8). If echo
signals are not spoiled, both the echo signal S~ and the
post-pulse signal S* reach steady state and SSFP is estab-
lished. Because of the existence of S, an SSFP sequence
cannot provide an image with good T, contrast; rather, it
provides a contrast dependent on T,, T,, TR, and RF flip
angle (9). Spoiling S~ can significantly improve the image
contrast (10). By randomly changing the phase of the RF
pulses, SSFP can be disturbed, resulting in the fluctuation
of both S~ and S™ (10). This SSFP disturbance can intro-
duce pronounced ghosts into the multi-shot image along
the phase-encoding direction (10).

Although SSFP in multi-shot imaging sequences has
been well studied, to our knowledge no experimental data
have been reported to demonstrate the existence of SSFP
during the acquisition of an EPI image series or its effects
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on voxel-wise time courses. A single-shot EPI pulse se-
quence (11,12), which is commonly used in fMRI studies,
is repeated to acquire a series of EPI images. Under the
condition TR < T,, the train of imaging RF pulses would
establish SSFP and the echo signal S~ would be present
before each RF pulse. Consequently, the post-pulse signal
S*, which is the imaged signal, would be affected by the
presence of S™. If for any reason SSFP is disturbed, both
S~ and S* would fluctuate, introducing variations into
voxel-wise time courses.

In this study, we demonstrate that SSFP can indeed
develop during serial EPI acquisition. In particular, we
show that the magnetic field fluctuation can disturb the
steady state of SSFP, introducing variations into the voxel-
wise time courses. We also demonstrate that a sufficiently
strong crusher gradient applied in the EPI pulse sequence,
which enhances the effect of diffusion, can significantly
suppress this kind of variation. A theoretical explanation
is provided and is supported by computer simulation and
phantom studies.

THEORY
Spin Evolution Under a Train of RF Pulses

A voxel is divided into a set of miniscule subvoxels. In
each subvoxel, the field is considered to be homogeneous;
thus, there is no intra-subvoxel dephasing. The evolution
of the magnetization in the subvoxel located at position r
will be analyzed.

Consider an imaging sequence with TR. The train of RF
pulses of this sequence is applied along the x axis in the
rotating coordinate frame. The flip angle is 6°. If the trans-
verse and longitudinal magnetization in the subvoxel prior
to the nth RF pulse are given, the transverse and longitu-
dinal magnetization immediately after the nth RF pulse
can be given, respectively, by

Mi(n) = Ml(n)cosﬂ(g) + [MI(H)]*Sin2<g>

— iM, (n)sin(0), [1]

M; (n) = M, (n)cos(6) — % {M(n)

= [M(n)]*}sin(6) [2]

where i = V-1, M| (n) = M (n) + iM, (n) and M, (n)

are the respective transverse and longitudinal magnetiza-
tion prior to the nth RF pulse (8). Due to T, relaxation, the
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longitudinal magnetization prior to the (n+1)th RF pulse
is given by

M, (n+ 1) = M;(n)e ™" + M,(1 — e” ™) [3]

where M, is the initial longitudinal magnetization. The
transverse magnetization prior to the (n+1)th RF pulse is
given by

MI(H + 1) — er(n)e—'l‘R/Tze@(r,n) [4]

where e~ " is the T, decay factor and ®(r,n) is the total
phase accumulated during the nth TR interval.

According to the analysis by Zur et al. (10), the total
accumulated phase ®(r,n) can be given by

®(r, n) = o(r) + o(n) (5]

where ¢(r) is dependent on the position r of the subvoxel,
and ¢(n) is independent of r but dependent on the index n.

The position-dependent phase ¢(r) is induced by ap-
plied field gradients in the sequence and the static field
inhomogeneity, given by

$(r) =J w(r, t)dt (6]

where w(r,t) is the resonance frequency offset at position r
determined by both gradients and static field inhomogene-
ity. For a periodically repeated pulse sequence, w(r,t) has
the same temporal form for all TR intervals, so ¢(r) does
not depend on n.

The position-independent phase ¢(n) is the same for all
subvoxels. It can be artificially introduced by changing the
phase of RF pulses or by varying the frequency of the RF
synthesizer (10). The fluctuation of magnetic flux density
B, can also cause this kind of phase accumulation. Here B,
fluctuation means that the magnetic field fluctuates in a
large spatial scale so that within a voxel the B, change is
the same for all subvoxels. When considering the effect of
B, fluctuation only, the position-independent phase ¢(n) is
given by

(n+1)TR
o(n) = f YAB,(t)dt [7]

nTR

where AB(t) represents B, fluctuation. Since AB,(f) can
have different temporal behaviors during different TR in-
tervals, ¢(n) should depend on n.

Using Egs. [1]-[4], the numerical solution of M| (n) and
M (n) in the subvoxel can be calculated iteratively for the
given values of ¢(r) and ¢(n). The pre-pulse echo signal
S (n) in a voxel is the sum of the M| (n) values of all its
subvoxels. Similarly, the post-pulse signal S*(n) is the
sum of all M (n) values. If ¢(n) remains constant, the
analytical solution of S~ and S at steady state was given
by Buxton et al. (13).
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SSFP Disturbance Due to B, Fluctuation in Serial EPI
Acquisition

Under a train of periodic RF pulses, when TR < T, both
S7(n) and S*(n) reach steady state and SSFP develops.
Although Egs. [1]-[4] can be used to calculate the values of
S7(n) and S™(n), they do not provide insight into the
physical sources of these signals. Kaiser et al. (3) proposed
a partition method that describes the physical sources of
S7(n) and S*(n), showing that each RF pulse not only
creates new transverse magnetization but also partially
reverses the phases of the previous ones. The phase rever-
sal allows dephased spins to approach an in-phase condi-
tion before a later RF pulse, and form the echo signal
S7(n). Due to the existence of S™(n), signal S*(n) consists
of not only the fresh FID signal tipped over by the most
recent RF pulse, but also the component from the echo
signal S™(n).

Kaiser et al. (3) considered only the position-dependent
phase ¢(r) in their analysis. Zur et al. (10) studied the
relation between SSFP and position-independent phase
¢(n), demonstrating that the steady state of S™(n) and
S*(n) is maintained only if the position-independent
phase ¢(n) is a linear function of n. When ¢(n) is not
linearly dependent on n, the echo signal S™(n) does not
remain at a steady state but changes along with n. Since
S*(n) contains a component from S (n), the change of
S~ (n) also causes S*(n) to change, resulting in the distur-
bance of the steady state. Computer simulations by Zur et
al. (10) showed that S*(n) fluctuated randomly when ¢(n)
was a random function of n. Spoiling S™(n) can suppress
the S (n) fluctuation since the component from S~ (n) is
removed.

If B, fluctuation exists during serial EPI acquisition, the
variation of position-independent phase ¢(n) is introduced
as described by Eq. [7]. There are many sources of B,
fluctuation. It has been reported that the chest motion
related to respiration influences the magnetic field inside
the field of view (FOV) (14,15). Other physical movements
outside the FOV, such as swallowing and speaking, can
also disturb the magnetic field (16). System instability and
eddy currents (17) are other sources of B, changes. The
complicated sources of B, fluctuation make ¢(n) change
nonlinearly with n; according to the conclusion drawn by
Zur et al. (10), SSFP is disturbed and S*(n) fluctuates.
Since the S*(n) signal is imaged by a single RF pulse in
EPI, S*(n) fluctuation will be reflected in the EPI image
series. As a result, voxel-wise temporal variations are in-
troduced by B, fluctuation. In human brain these temporal
variations should be pronounced in the CSF-rich regions
that have a long T, value; the condition TR < T,, necessary
for the development of SSFP, would thus be satisfied.

To suppress the S*(n) fluctuation, the S™(n) signal
should be spoiled so that S*(n) does not contain the com-
ponent from S™(n). Since the echo signal S™(n) is sensitive
to spin diffusion, it can be attenuated by applying a gra-
dient between RF pulses (18). Wu and Buxton (18) studied
the diffusion effect of these gradients on the S (n) and
S*(n) signals in SSFP. They gave the analytical expression
of the signal dependence on the diffusion coefficient, gra-
dient length, and strength, and the TR, T,, T,, and flip



760

angle. According to their results, a sufficiently strong gra-
dient can spoil the echo signal S™(n).

In a typical EPI pulse sequence, a crusher gradient is
applied to crush the residual signal by enhancing the
intravoxel dephasing. However, a crusher sufficient to
dephase a signal may not be able to suppress the echo
signal S™(n). As described before, the dephased signal can
be rephased by the train of RF pulses and the echo signal
S~ (n) is formed. By increasing the duration of the crusher,
it can function as a diffusion-enhancing gradient, and thus
the echo signal can be suppressed. In our experiments, we
used a 20 mT/m crusher of 10 msec duration to enhance
the diffusion effect, and compared the results with the
effects of a 1-msec crusher, which is only able to dephase
the residual signal.

SIMULATION

To simulate S™(n) and S*(n) from a voxel in the presence
of gradients and field inhomogeneity, the transverse mag-
netization of 500 subvoxels prior to and immediately after
each RF pulse was calculated and summed, using Egs.
[1]-[4] iteratively. The ¢(r) values in the 500 subvoxels
were chosen to have uniform distribution from 0° to 360°.
The AB,(t) was assumed to be only a function of n and
remained constant within a TR interval, so that ¢(n) can be
expressed by

$(n) = yAB((n)TR (8]

rather than Eq. [7].
Three forms of AB,(n) were chosen in the simulation.
The first was ABy(n) = 0. The second was

2mn
ABy(n) = A sin<T) [9]
where A = 10 nT, L = 10. In the third form, AB,(n)
fluctuated randomly in the range of £10 nT. The other
parameters were: T, = 2.2 sec, T, = 3.75 sec, flip angle 6 =
45°, TR = 0.2 sec and 1 sec. T, and T, values were chosen
to be similar to those in the CSF.

In the simulation for S™(n) spoiling, the equation M (n)
=0 is used in place of Eq. [4] to guarantee that S™(n) = 0.

EXPERIMENTS

EPI image series in both a phantom and humans were
acquired using a 3T BIOSPEC 30/60 Bruker scanner, with
a homemade local gradient coil and an endcapped bird-
cage RF head coil (19,20). Figure 1 shows the diagram of a
single-shot gradient-recalled EPI sequence. The crusher
was applied along the slice-selection direction. The
strength of the crusher was 20 mT/m; two durations
(1 msec and 10 msec) were used. Raw data were recon-
structed online using in-house software and were further
post-processed by the AFNI software package (21,22).

To introduce B, fluctuation, a phantom with two copper
wire lines immersed in tap water was used as described in
Ref. 23. B, fluctuation was generated by the oscillating
electric current in the wires. The two parallel wires spaced
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FIG. 1. Schematic diagram of a single-shot gradient-recalled EPI
sequence for serial EPI acquisition. If TR < T,, SSFP will be devel-
oped and two coherent signals, S™(n) and S*(n), will be formed prior
to and immediately after the nth RF pulse. The SSFP can be spoiled
by simply extending the duration of the crusher, as shown by the
gray area.

5 cm apart were electrically connected and placed perpen-
dicular to B,. A sinusoidal electric current of frequency
1 Hz and amplitude 200 p.A flowed through the two wires
in opposite directions. The miniscule current ensured that
for voxels away from the wires there was no detectable
intravoxel dephasing due to the current. However, the
current-induced B, changes were large enough to accumu-
late significant position-independent phases. For example,
a constant 200 pA current changes B, by 3.2 nT for the
voxel in the middle of the two wires. For TR = 200 msec,
the accumulated phase is approximately 10°. For TR =
1 sec, it is approximately 50°.

With the sinusoidal current applied, serial EPI phantom
images were acquired using 1- and 10-msec crushers. The
scanning parameters were: N = 150, TR = 0.2 sec, TE =
27.2 msec, FOV = 12 cm, flip angle = 45°, slice thick-
ness = 6 mm, image matrix = 64 X 64. For convenience in
comparing results, the same flip angle (45°) was used as in
the simulation.

Human experiments were performed on four subjects in
the resting state. An axial slice across the two lateral ven-
tricles was selected. Serial EPI images were acquired using
1- and 10-msec crushers. Two values of TR (0.2 sec and
1 sec) were used. The other scanning parameters were: N =
150, TE = 27.2 msec, FOV = 20 cm, flip angle = 45°, slice
thickness = 6 mm, image matrix = 64 X 64.

In the Theory section we predicted that SSFP disturbance
would be pronounced in CSF regions that have a long T,
value. However, in the literature concerning CSF T, mea-
surements there are considerable discrepancies in the re-
ported T, values—ranging from several hundred msec to
more than 2 sec (reviewed by Condon et al. (24)). We there-
fore performed the measurements of CSF T, ourselves. The
measurements were performed on three subjects. A sagittal
slice across the lateral ventricle was selected. Single-shot
spin-echo EPI images were acquired with TE = 55, 150, 300,
600, 1000, 1500, 2000, 2500, and 3000 msec. The time inter-
val between two image acquisitions was greater than 15 sec
to avoid T, saturation. The other scanning parameters were:
FOV = 20 cm, slice thickness = 4 mm, image matrix = 64 X
64. T, values were calculated by averaging the signal inten-
sities of four adjacent voxels in the lateral ventricle for each
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FIG. 2. Simulation of time courses under different forms of ABy(n).
a: ABg(n) is a sinusoidal function of n or remains at zero. TR =
0.2 sec. b: ABy(n) is a random function of n or remains at zero. TR =
1 sec. When ABy(n) = 0, SSFP is established and maintained
(broken lines). When ABg(n) changes sinusoidally or randomly with
n, SSFP is disturbed (dark solid lines). When S™(n) = 0, the temporal
fluctuations due to SSFP disturbance are suppressed (light solid
lines).
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TE and then performing least-squares fits based on the mono-
exponential T, decay model.

RESULTS
Simulation Results

The simulation results are shown in Fig. 2. Figure 2a
shows the S*(n) time courses at TR = 0.2 sec when AB,(n)
remained at zero or oscillated sinusoidally. For AB,(n) = 0,
S*(n) reached steady state after the initial non-equilibrium
and SSFP was established and maintained. When AB,(n)
oscillated, SSFP was disturbed and S*(n) changed sinu-
soidally around the steady-state level. When S™(n) = 0, the
S*(n) oscillation was suppressed. Figure 2b shows the
S*(n) time courses at TR = 1 sec for randomly changing
AB,(n). The fluctuation was suppressed when S™(n) = 0.
It is noted that at TR = 0.2 sec, the baselines of the
SSFP-disturbed and SSFP-maintained time courses are
much higher than the time course with S™(n) = 0 (Fig. 2a);
at TR = 1 sec the baseline difference is smaller (Fig. 2b).
This is because the baseline difference is dependent on the
TR and RF pulse flip angle, as analyzed by Wu and Buxton
(18). A smaller TR value results in a larger baseline differ-
ence. For a given TR, the baseline difference is increased
by a relatively large RF flip angle. We chose a flip angle
(45°) larger than the Ernst angle for TR = 0.2 sec to en-
hance the baseline difference for clearer demonstration.

Phantom Results

Figures 3 and 4 summarize the results of phantom exper-

FIG. 3. Results of phantom experiments.
a: The image of the studied slice. Two ar-
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FIG. 4. Results of phantom experiments. a: Electric-current-induced AB, map at a representative moment. b, c: Functional intensity maps
(see text) with 1-msec (b) and 10-msec (c) crushers. d: Electric-current-induced IABgyl map at a a representative moment. e, f: Spectral
images of the frequency components around 1 Hz, with 1-msec (e) and 10-msec (f) crushers.

iments. Figure 3a shows the image of the phantom. The
two arrows indicate the locations of the axial cross-sec-
tions of the wires, which were supported by a plastic frame
(seen as the dark structure). B, was parallel to the imaging
plane, as marked. Two voxels were selected as represen-
tatives; their time courses and power spectra are shown in
Fig. 3b and c. With a 1-msec crusher the time course
oscillations were pronounced, while with a 10-msec
crusher the oscillations were suppressed. The baseline of a
time course with the 1-msec crusher is higher. These re-
sults are consistent with the simulations, suggesting that
SSFP existed in the serial EPI acquisitions and the voxel-
wise temporal oscillations were induced by the distur-
bance of SSFP. With the 1-msec crusher, the power spec-
trum has a distinct peak located around 1 Hz, the fre-
quency of the sinusoidal electric current. The peak was
suppressed when the 10-msec crusher was applied. These
results indicate that SSFP disturbance was caused by the
oscillating electric current.

Figure 4a shows a simulated AB, map induced by cur-
rent. Figure 4b and c shows the respective functional in-
tensity maps with the 1- and 10-msec crushers, using the
time courses of voxel 1 (Fig. 3b) as references. The func-
tional intensity of a voxel is defined as

a = plx|/|r| [10]
where p is the correlation coefficient, x is the time course
in the voxel, and r is the reference time course (25). The

functional intensity measures both the similarity and fluc-
tuation intensity of a time course relative to the reference
time course.

Figure 4d is a simulated current-induced |AB,| map.
Figure 4e (1-msec crusher) and f (10-msec crusher) were
formed by integrating the spectral data for each voxel in
the range of 0.9-1.1 Hz, as indicated by the gray bands in
Fig. 3b and c. The integral result in each voxel was divided
by the total area under the spectrum for normalization.

With the 1-msec crusher, the pattern of the functional
intensity map (Fig. 4b) is similar to the AB, map (Fig. 4a),
and the spectral image (Fig. 4e) is similar to the | AB,| map
(Fig. 4d). These similarities disappeared when the 10-msec
crusher was applied. These results strongly support that
the voxel-wise temporal oscillations due to SSFP distur-
bance were caused by B, changes, which were suppressed
by applying a sufficiently strong crusher.

Human Results

The results of the CSF T, measurements are listed in Table
1. The T, values for the three subjects are 1802, 1931, and

Table 1
The Measured CSF T, Values for Three Subjects
Subject T, (msec)
1 1802 + 63
2 1931 = 77
3 1841 + 99
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FIG. 5. Results of human experiments. TR = 0.2 sec. a: Anatomic image of the axial slice across lateral ventricles. Arrows indicate the
location of the three representative voxels. b, c: Spectral images from the frequency components related to cardiac pulsation, with 1-msec
(b) and 10-msec (c) crushers. d: Time courses and power spectra of the three representative voxels. Darker lines: with 1-msec crusher.

Lighter lines: with 10-msec crusher.

1841 msec. The differences may be due to the partial
volume effect (26).

For the SSFP disturbance studies, the results obtained
from the four human subjects were similar. Figures 5 and
6 show the results from one of the subjects. Three repre-
sentative voxels were selected (Fig. 5a): one in CSF (voxel
1), one in gray matter (voxel 2), and one at the edge of gray
matter (voxel 3). With TR = 0.2 sec their time courses and
power spectra are shown in Fig. 5d. For a 1-msec crusher,
the temporal characteristics and the spectral properties of
these three voxels are different. The temporal fluctuation
is much more intense in voxel 1 than in voxel 2. The
fluctuation intensity of voxel 3 is between that of voxels
1 and 2. The spectrum of voxel 1 has a peak located around
1 Hz, which is the frequency of cardiac pulsation. The
spectrum of voxel 3 has a small peak around 0.2 Hz, the
frequency of respiration. These differences are attributed
to the T, values. The T, of CSF is approximately 1.8 sec as
measured, whereas the T, of gray matter is approximately
0.1 sec (27). Since TR = 0.2 sec is less than the T, of CSF
and larger than that of gray matter, the SSFP was disturbed

only in the voxels containing CSF, where the condition
TR < T, for developing SSFP is satisfied. Among the three
representatives, voxel 1 contained the largest amount of
CSF, so it showed the largest fluctuation. Voxel 3 mainly
contained gray matter, but CSF was also present; therefore,
the fluctuation still existed due to the partial volume ef-
fect, but was smaller than voxel 1. When a 10-msec crusher
was applied, the temporal fluctuations and spectral peaks
in voxel 1 and 3 were suppressed. The global effects of
cardiac pulsation on CSF and on white and gray matter are
shown in Fig. 5b (1-msec crusher) and c (10-msec crusher).
These images were formed by the same method as in Fig.
4e and f, but the integral range was 0.75-1.25 Hz, as
indicated by the gray band in Fig. 5d. The lateral ventricles
containing CSF are defined better in Fig. 5b than in Fig. 5c,
indicating that the 10-msec crusher significantly sup-
pressed the cardiac pulsation-related fluctuations in CSF.

In the spectral domain, with the 1-msec crusher (in
addition to the cardiac pulsation and respiration frequen-
cies) other frequencies also have higher intensities than
with the 10-msec crusher (spectra of voxel 1 and voxel 3 in
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Fig. 5d). This is because other sources affecting B, also
contributed to the signal fluctuation. The overall effects of
B, fluctuation on the voxel-wise time courses are shown in
the standard deviation images (Fig. 6). The lateral ventri-
cles have much clearer shapes with the 1-msec crusher
than with the 10-msec one, showing that the temporal
variations due to SSFP disturbance existed mainly in the
CSF region, even when TR was as long as 1 sec.

DISCUSSION

In fMRI studies blood oxygenation level-dependent
(BOLD) signal is only about 5%, and reducing artificial
noise is of paramount importance for determination of
neuronal activity. The present study demonstrates that a
tiny B,-fluctuation can introduce significant noise into a
voxel-wise time course due to SSFP disturbance. A B,
variation of 10 nT causes a phase variation of approxi-
mately 150° for TR = 1 sec, and the noise induced is huge,
as shown by the simulation in Fig. 2. Such a miniscule
phase variation can have various uncontrolled sources,
such as physiological motions; thus, the noise induced by
SSFP disturbance could predominate in the CSF-rich gray
matter regions due to the partial volume effect. Because
B,-fluctuation is global, the SSFP-disturbance-induced
noise is coherent among the time courses. The coherence
of the noise could interfere with the cross-correlation cal-
culation for functional mapping when choosing a voxel-
wise time course as a reference, and could also hinder the
study of spontaneous low-frequency physiological fluctu-
ations of neuronal origin (28). In the studies of early re-
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FIG. 6. Images of standard deviation for
0 human experiments. a, b: TR = 0.2 sec,
with 1-msec (a) and 10-msec (b) crushers.
c, d: TR = 1 sec, with 1-msec (c) and
10-msec (d) crushers.

sponse of BOLD signal (29), the subtle differences in the
onset of activation need to be detected with short TR. The
SSFP disturbance could also be problematic. Therefore, it
is important to understand the physical mechanism of the
SSFP disturbance, and to know how to eliminate it if it
presents.

In a typical EPI sequence, a crusher that is sufficient
for intravoxel dephasing may be too weak to spoil the
echo signal S™(n) by diffusion. In this case, the EPI pulse
sequence should be modified to increase the length or
strength of the crusher to suppress the unwanted varia-
tions. Using a large crusher may set up more eddy cur-
rents, which can affect the signal of the next image.
However, by comparing the voxel time courses from
gray and white matter using either a 1-msec or 10-msec
crusher, we did not observe any difference (voxel 2 in
Fig. 5d). This may be due to the fact that our gradient
system is eddy current compensated. Furthermore, in a
typical multi-slice fMRI study, the TR is long enough to
naturally eliminate the effect of the eddy current in-
duced by the crusher.

SSFP disturbance is more pronounced in CSF-rich re-
gions due to its long T, value. However, the misleading
underestimations of the CSF T, value (mostly around 200—
300 msec) in some publications (24) could diminish the
significance of the present study, because the TR used by a
typical fMRI study is in the range of several hundred
milliseconds to several seconds, which is larger than the
published underestimated T, values. We therefore per-
formed the T, measurement ourselves using the single-
shot spin-echo EPI method. Underestimations of T, value
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were mainly due to the misuse of short TE, and the imper-
fect (nonrectangular) slice profile of the refocusing pulses
in a multiple spin-echo sequence (24,30,31). Insufficient
sampling points, B, variation, and B, inhomogeneity can
further deteriorate the underestimation (30—32). Our mea-
surement of CSF T, is about 1.8 sec. Even this result might
underestimate the CSF T, due to the partial volume effect,
as studied by Cheng (26). He found that significant im-
provement of CSF T, measurement could be achieved by
using a biexponential model to avoid the partial volume
effect. The long CSF T, makes it highly probable the SSFP
disturbance will present in a typical fMRI study, adding
noise to the time courses in CSF-rich regions.
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