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Analysis of Inflow and Susceptibility Effects in fMRI Obtained
by CGE and TRFGE Techniques

Y. M. Ro* S. C. Chung*, Z. H. Cho**

Functional imaging based on the susceptibility only is achieved by separation of the susceptibility
effect from the mixture of flow effect by use of a tailored RF pulse in conjunction with gradient echo
sequence. Using the tailored RF pulse the susceptibility enhanced functional imaging appears to be ex-
plicitly related to the deoxygenation processes, while in the conventional gradient echo technique func-
tional contrast on T2* effect images appear to be mixed with a significant fraction of blood flow (in-
flow) signals of both arterial as well as venous bloods due to the nature of the fast sequence employed
with the gradient echo technique. In this paper, using the tailored RF pulses, one can unambiguously
separate the susceptibility and flow effects in functional imaging. Since the signal obtained can be
made sufficiently high and represents oxygenation process more accurately, it seems possible to study
quantitative oxygen metabolisms in brain function hitherto difficult to do with other gradient echo tec-

hniques.
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INTRODUCTION

The sensitivity of a MR gradient echo imaging to sus-
ceptibility provides a means to detect oxygenation differ-
ence due to the paramagnetic deoxyhemoglobin produced
in the capillary'™>. Using the changes in image intensity,
which is believed to be dependent on the oxygenating stat-
es, human brain functional imaging has been studied re-
cently using gradient echo techniques which are generally

sensitive to the local magnetic susceptibility*~'”. However,
the conventional gradient echo technique with a short rep-
etition time is also sensitive to the in-flow effect of blood
such as arterial as well as venous blood. In most of the fun-
ctional imagings carried out so far, the changes in image
intensity are believed to be dependent on the susceptibility
during the external stimulation. However, it is also well
known that there is a large in-flow effect, that is, the signal
due to fresh unsaturated spins entering into the imaging
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slice, thereby complicating the analysis of the functional
image data®. Therefore, conventional gradient echo-func-
tional magnetic resonance imaging (CGE-fMRI) appears to
be generating the signal which is a mixture of the in-flow
effect and susceptibility effect. In the conventional gradient
echo sequence, it has been shown that the signal change is
affected by a number of factors such as the RF flip angle
o, echo time TE, repetition time TR, rate of in-flow, as
well as the strength of the susceptibility effect. In other
word, in-flow and susceptibility effects are strongly affec-
ted by above three parameters, namely flip angle («), echo
time (TE), and repetition time(TR). Although we have
obtained susceptibility affected-signal change by the CGE
technique with small flip angle and long echo time, the res-
ults so far obtained are relatively poor in signal to noise
ratio and appear to be contaminated by large fraction of
in-flow effect. It is, therefore, unclear to what extend the
in-flow effect is mixed with susceptibility effect.

Recently, the tailored RF pulse which is sensitive only to
the susceptibility has been developed and applied to NMR
venography" 2. Note that in all the normal imaging sequen-
ces, susceptibility affected signals are reduced due to spin
dephasing. In the tailored RF pulse sequence, the image
signals affected by the susceptibility are enhanced while the
other signals such as the ones from normal tissues are all
suppressed. This signal void or attenuation has been the
main mode of contrast mechanism of what is called sus-
ceptibility functional imaging. In this paper, the tailored
radio frequency gradient echo(TRFGE) sequence is ap-
plied to functional imaging in an attempt to quantitatively
observe susceptibility alone without the in-flow effect. As
will be reported, by using the proposed tailored RF gradi-
ent echo-functional magnetic imaging (TRFGE-fMRI), a
true susceptibility measurement, which is not mixed with
in-flow effect of bloods especially from arteries have been
achieved. The latter is a unique advantage of the TRFGE
method compared with other gradient echo techniques
where large in-flow effects always appear mixed with true

t**. We have compared and anal-

oxygenation measuremen
yzed systematically both CGE and TRFGE by varying flip
angle, repetition time, and echo time. Experimental results
obtained with a 2.0 T MR scanner indicate that the obser-

vation of the pure susceptibility effect is limited in CGE

technique due to the in-flow effect, however, with TRFGE
technique most of images obtained appear to be free from

in-flow effect.

THEORY
A. Signal Intensity and the Susceptibility Effect

The signal intensity from a voxel surrounded by mat-
erials having different magnetic susceptibilities is reduced
due to spin dephasing within the voxel. Let us first analyze
the relationship between the intravoxel signal intensity and
the phase distribution generated by the susceptibility effect
and assume that the slice thickness(along the z-direction)
is relatively thin so that the field induced within each voxel
is linear. In this circumstance the phases of the spins in the
voxel will be distributed linearly, that is, the spin phases
become either incoherent or dephased, otherwise inphased,
under the constant field. The phase distribution in the slice
selection direction (z-direction) due to the susceptibility-
induced field variation in gradient echo imaging can then

be given as

B, (2) = 9T G sz (v

where y is the gyromagnetic ratio, Ty is the echo time, Gsus
is the field gradient created by the susceptibility difference
between the paramagnetic substance and the surrounding
tissue, z i1s the position in the selected slice. Then phase
gradient induced by the susceptibility effect, then can be

defined as

P..(2) =yT:G. 2

This phase gradient is a result of the combined effect of
susceptibilities within both a voxel and a pulse sequence
and is an externally controllable parameter, for example,
by use of an applied selection RF pulse.

As is known, the RF pulse used in conventional gradient
echo imaging is a sinc shaped pulse and has a constant
phase distribution in the slice-selection direction. Therefore
a constant phase distribution will develop for the normal
tissue but a strong linear phase distribution will develop in

a voxel affected by susceptibility(see Figs. 1a and 1b). In
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Fig. 1.

the latter, the spins are affected by the linear gradient due
to the susceptibility and their phases will be dephased, res-
ulting in intravoxel signal attenuation (see Fig. 1b with dot-
ted lines). The intravoxel signal, S, as a function of the sus-
ceptibility-induced phase gradient can then be written as

S=1 [ MuElexp Pzl @3

where M is the magnetization, z, is the slice thickness, and
rect(z/z,) is the rectangular function with a width of z. In
this case, we have assumed that resolution in the trans-
verse (x, y) direction are much higher than the resolution in
the slice-selection direction (z) and it is also normalizes so
that the signal from the voxel is simply the integration of
the magnetizations within the selected slice thickness. By
Fourier transform, under the assumption that P, is a vari-

able, Eq.(3) can be rewritten as
Py
S=M, |sinc(720) | 4)

According to Eq.(4), the intravoxel signal decreases with
increasing phase gradient (P, and in addition signal voids

are present at each phase gradient of +2aN/z,, where N is

ez imaginary

selected slice (z)

A
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% phase
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A conventional RF pulse (a) and its phase distribution within the selected slice (b).

integer. This means that the image contrast is strongly af-
fected by susceptibility. Consequently, if gradient echo
imaging is used, the susceptibility effect will appear as a sig-
nal void or a dark area because of this intravoxel signal at-
tenuation. The signal loss due to the susceptibility will be
particularly visible, for example, in the interfaces between

1

the air and normal tissue'”. As will be elaborated upon,
perhaps the most important indication from Eq.(4) is the
potential for modifying or utilizing the phase gradient Py,
in a voxel by superimposing an RF pulse which has a par-
ticular phase gradient so that the resultant phase gradient

becomes a desired phase distribution in the selected voxel.
B. CGE Technique

Steady-state free precession (SSFP) or gradient echo
imaging techniques has been widely used for the time cour-
se study in functional MR imaging (fMRI). In this case the
transverse magnetization M which generate echo signal by
SSFP technique is given by

1—exp(—~TR/T1)
—cos (a)exp (—TR/T1)

M =My sin (¢)exp (— TE/T2)

&)

Equation(5) indicates that if the repetition time is shorter
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Fig. 2. (a) Resultant phase distribution of spins and spin
phase diagram in the voxel of normal tissues when tailored RF
pulse is applied. The net phase or signal produced in the voxel is
zero due to cancellation. z; is the slice thickness.

Fig. 2. (b) Resultant phase distribution of spins and spin
phase diagram in the voxel due to superposition of the phase
affected by the tailored RF pulse and susceptibility gradient
therein. The net phase or signal produced in the voxel is not zero.
Z, is the slice thickness.

than the T1 relaxation time, resultant magnetization would
be small. In other words, static spin signal is suppressed,
but if flowing spin exists, i.e., the unsaturated flowing spin-
s entering into the selected slice signal will be generated
unlike the static tissues. This appears the basic inflow sig-
nal enhancement mechanism. This inflow effect in gradient
echo, however, is affected by several factors such as the
flip angle o, echo time TE and repetition time TR. It is,
therefore, strongly suspected that the flow effect plays an
important role in gradient echo functional imaging where

TR and TE are usually short while « is kept relatively lar-

ge. Although, the inflow effect is an important indicator of
the physiological and functional behaviors in relation to
the external sensory stimulations, it is believed to be of no
direct relation to the oxygen level or susceptibility effect. It
is an independent factor likely to be observed when the
imaging slice or selected region contains large veins, for
example relatively large veins near the visual cortex in case
of visual stimulation. If, therefore, pure oxygen level or
deoxyhemoglobin level measurement is the prime import-
ance, inflow effect would appear as a nuisance and if poss-
ible should either be eliminated or at least measurable so
that desired correction can be made.

C. TRFGE Technique

A tailored RF pulse is designed such that it possesses a
bi-linear phase distribution centered around the middle of
the selected slice as shown in Fig. 2.” Effect of this
TRFGE imaging" ? is dephasing of the spins in the selec-
ted slice if the field is homogeneous as in the case of nor-
mal tissues where no strong susceptibility dependent field
gradients exist. In Fig. 2(a), this dephasing effect for the
case of susceptibility free case such as normal tissue is
shown. This characteristic of the tailored RF pulse equally
applies to the flowing spins as long as they do not posses
susceptibility effects. This technique (TRFGE) is, therefore,
effective in suppression of the signals from both stationary
tissues as well as flow especially the arterial blood. The res-
ulting signal obtained comes, therefore, only from the sus-
ceptibility affected flow such as venous blood both from
large vessels as well as small capillaries. Simplified illustra-
tions of the resulting phase distribution expected in the sel-
ected voxel when tailored RF pulse is applied in the gradi-
ent echo is shown in Fig. 2(b). In Fig. 2(a), the net phase
distribution is zero when the tailored RF pulse is applied.
However, when the field within the thickness of a selected
slice or voxel appears as a linear gradient due to the sus-
ceptibility effect, the resulting phase distribution from sup-
erposition of the tailored RF and the susceptibility depen-
dent field gradient will be the rephased. In general the sig-

nal intensity follows the relation given by

P
S = [2nMz, sine (= 2)"F fexpli-2- |z ©)
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Fig. 3. Conventional gradient echo(CGE) and Tailored RF
gradient echo (TRFGE) sequences with first-order gradient mo-
ment nulling used in the experiments.

where M and P, are the magnetization and susceptibility
phase gradient, respectively, and * represents the convol-
ution operator. The unique feature of this result is that, on
the contrary to the case of normal tissues, the signal inten-
sity will increase linearly with increasing phase gradient val-
ue. Using this fact, susceptibility effect enhanced imaging
using TRFGE technique can be accomplished.

For functional imaging using the TRFGE sequence, ther-
efore, the signal from the visual cortex would decrease dur-
ing external stimulation since the oxygenation in the capil-
lary is increasing, thereby decreasing the susceptibility ef-
fect. On the other hand, during the rest period, the signal
from the visual cortex would increase because of the
increased deoxgenation of the capillary. Therefore, the sig-
nal changes during the time course by TRFGE-fMRI is
basically opposite from that of the CGE-fMRI, i.e.
TRFGE-fMRI gives a large signal if susceptibility increas-
es instead of decreasing. Advantage of this reverse charac-
teristic compared with CGE is obvious. For instance, the
susceptibility effect alone can be observed without inter-
ference from the other background signals such as that
that from normal tissues. As is known, the signal changes
in CGE-fMRI is likely that during the stimulation the sig-
nal from the cortex is increasing compared with rest be-
cause of the increase of fresh (arterial) blood supply which
in effect believed to reduce local susceptibility effect in the
conventional gradient echo sequence. The problem with
the CGE technique is that both the oxygenation and blood

flow are proportional, i.e., the in-flow effect is pro-
portional to the susceptibility decrease. The time course
data obtained with the TRFGE sequence is, therefore, not
only different, but is opposite in comparison to the CGE
sequence.

Furthermore, the obvious advantages of the TRFGE se-
quence is that the method is insensitive to the in-flow ef-
fect, especially to the arterial bloods which are usually fast
flow and believed to be primarily responsible for the
in-flow effect in the conventional gradient echo imaging.
This is because of the fact that the arterial bloods have no
susceptibility effect, therefore, spins will be dephased just
like normal tissues. Although, the TRFGE technique is stil-
| affected by in-flow effect of venous blood, the effect is
negligibly small due to the slow wvelocity of the venous
blood. On the contrary, in CGE imaging, the signal chan-
ge is not only affected by the susceptibility but is also af-
fected by the in-flow effect of the blood flow of both ar-
terial and venous bloods. In the CGE sequence, therefore,
signals are changing according to the RF flip angle «, TE,
and TR, as well as to both susceptibility and in-flow effect.
For example, in CGE, the susceptibility contrast increases
with the increase of echo time, but the signal loss (both sus-
ceptibility contrast signal and inflow effect signal) also
increases thereby decreasing overall SNR. As has been dis-
cussed, this apparent controversy can be overcome by use
of the TRFGE technique in which susceptibility contrast is
independent of TR and flip angle a as well as TE.

EXPERIMENTAL RESULTS AND
DISCUSSIONS

A series of TRFGE and CGE experiments with varying
a, TE, and TR were performed on a 2.0 Tesla whole body
MRI system with a surface coil. In Fig. 3, the CGE and
TRFGE sequence with added first-order gradient moment
nulling used in the experiments was plotted. Functional
imaging was carried out by photic stimulation. Concurren-
tly, a series of corresponding experiments using the CGE
imaging sequence were also carried out and compared with
the TRFGE technique. For the time course studies, flip
angles of 30° to 90°, repetition times of 35 to 65 msec, and

echo times of 16 to 35msec were used. An imaging time of
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Fig. 4. (a) Data obtained by the TRFGE sequence with vary-
ing the RF flip angle x(30° to 90°) and repetition time (35msec to
65msec) for a fixed TE(16msec). (b) Same time course data
obtained by CGE sequence.

7 sec was used for a single slice of 8mm thick which was
located at the occipital pole near the calcarine tissue. In
each experiment, 50 image sets were collected in series for
time course study. First, image numbers from 1 to 10 were
obtained at the rest state while stimulation was applied
from image numbers from 11 to 20 by applying the visual
stimulation, and again image numbers from 21 to 50 were
obtained at rest state. Visual activation was applied by
photic stimulation using 8Hz LED checker board.

Figure 4 shows the time course data of the signal change
obtained using the TRFGE and CGE sequence with flip
angles a ranging from 30° to 90° and repetition times of 35
msec, S5msec, and 65 msec in three steps, respectively. For
-this experiment, to examine the inflow effect, a relatively
short echo time (TE¥16msec) was used. As shown in Fig 4
(a), in the TRFGE time course data, nearly identical signal
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Fig. 5. (a) Another TRFGE time course data which were
obtained by varying echo time TE from 16msec to 35msec and
RF flip angle from 30° to 90° for a fixed TR (55msec). (b) Same
as (a) but obtained by CGE technique.

variation, independent of the RF flip angle a as well as rep-
etition time TR, suggests that the signal variation is not af-
fected by the in-flow effect (see Fig. 4(b) for comparison
with CGE results) but probably due to the susceptibility
effect. However, as shown in Fig. 4(b), in the CGE-time
course data, the inflow effect is pronounced as flip angle
increases and similar trend is also observed as the rep-
etition time decreases. If, in fact, inflow effect is the domi-
nant factor, these observations are expected in CGE se-
quence. On the other hand, in CGE sequence, increasing
susceptibility effect should be observable as the flip angle
decreases with increasing repetition time as well as echo
time. This expected signal change observed in CGE was

small even with relatively large TR and small a which be-
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lieved to be of the susceptibility effect dominant, i.e., over-
all results appear small and signal to noise ratio found to
be poor. Fig. 4(b) is a clear indication of the strong and
dominant role of the inflow effect observed in CGE-fMRI.
In Fig. 5, another time course study data obtained by
both TRFGE and CGE sequences with varying echo time
TE are shown, namely TE of 16msec, 25msec, and 35msec,
with varying flip angle a of 90°, 50°, and 30°. In an at-
tempt to observe the susceptibility effect, a relatively large
repetition time is used, i.e., TR=55msec. As shown in Fig.
5(a), again the results obtained by TRFGE sequence sug-
gest that the susceptibility contrast in the TRFGE tech-
nique is independent of the TE as expected. However, the
signal change observed could be in large part due to the
susceptibility effect. As evidenced from the data, the over-
all signal decay is clearly visible as TE increases but re-
mains relatively constant, suggesting that the susceptibility
contrast is not as strongly affected as the inflow signal
shown in Fig. 4(b). Therefore, the result of TRFGE se-
quence is clearly distinguishable from the conventional
gradient echo sequence where decrease of the signal is
observed with the increase of TE. In short, the TRFGE tec-
hnique appears to be insensitive to the in-flow effect and
the contrast developed seems mainly due to the suscepti-
bility effect produced by the RF pulse rather than TE.
This is confirmed in Fig. 5(a) where the signal is nearly in-
dependent of TE values. The result suggests that the “short
echo time” can be used thereby one can eliminate the po-
tential T2 signal decay. It should also be noted that the sig-
nal (time course) amplitude variation shown in Fig. 5(a). is
quite different from that of the data obtained from CGE
experiments with similar experimental conditions (see Fig.
5(b)). That is, the signal patterns in the case of TRFGE
are not only insensitive to the various flow sensitive par-
ameters but the time course signal decay is much more
gradual suggesting that the signal variation is not flow but
some form of oxygen metabolism occurring during the

photic stimulation.
DISCUSSION AND CONCLUSIONS

Our results have demonstrated that conventionally

employed gradient echo T2* imaging for the functional

imaging is contaminated with a significant fraction of in-
flow effect of arterial blood which has no direct relation to
the oxygenation process involved with external stimula-
tions such as the photic and motor stimulations. The CGE
technique clearly complicates the functional measurement
by mixing the two independent processes, namely inflow
effect of arterial blood and susceptibility effect, thereby
making the observation of pure deoxygenation process
more difficult. Although a number of investigations sup-
port the susceptibility dependent T2* effect based on the
fact that change of TE often increases the corresponding
susceptibility differences between stimulation and rest per-
iods, many experiments have consistently shown that there
could be other effects such as the inflow effect (12). We be-
lieve that the many inconsistencies found in those the fact
that many similar experiments have led often to the quite
different results. This can happen in experiments using the
CGE technique since the method is indeed dependent on
the region selected, that is, whether the selected region con-
tains large arterial vessels or not.

On the other hand, as has been demonstrated and show-
n, using the tailored RF pulse sequence one can effectively
measure the susceptibility contrast which is free from
in-flow effects as well as backgrounds. Since the TRFGE
sequence effectively suppress the signals from normal tis-
sues which are considered to be not only nuisance but dis-
turb the interpretation of data. In conclusion, it has been
demonstrated that TRFGE technique is not only more sen-
sitive to the susceptibility contrast but also insensitive to
the other effects such as the in-flow effect and background
signals. The latter eliminates the need of “background sub-
traction” usually necessary in the conventional fMRI. The
TRFGE technique, therefore, could be a suitable method
for the “susceptibility only” functional imaging, that is the
measurement of the quantitative oxygenation and deox-
ygenation processes processing without the interferences

from the in-flow effect and backgrounds.
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