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fMRI, functional MRI introduced recently appears based on the gradient echo
technique which is sensitive to the field inhomogeneity developed due to the local
susceptibility changes of blood oxygenation and deoxygenation. There has been
many variants of the basic gradient echo sequence which is sensitive to the local
inhomogeniety, among others such as GRASS or SSFP to EPISTAR are the most
commonly used gradient echo techniques. Common to all these gradient echo
techniques is that the signal due to the susceptibility effects is generally decreased
with increasing inhomogeneity due to the T2* effect or conventionally known as
blood oxygenation level dependent (BOLD) effect. It is, also found that the BOLD
sensitivity is also dependent on the imaging modes, namely whether the imaging is
in axial, or coronal or sagittal mode as well as the directions of the vessels against
the main magnetic field. We have, therefore, launched a systematic study of
imaging mode dependent signal change or BOLD sensitivity as well as the signal
changes due to the tilting angle of the imaging planes. Study has been made for
both TREGE sequence and CGE sequence to compare the distinctions of the each
mode since each technique has different sensitivity against susceptibility effect.
Method of computation and both the computer simulations and their correspond-
ing experimental results are presented.

Index words : fMRI; susceptibility effect ; imaging mode ; tilting angle

Introduction

Functional MRI based on the susceptibility effect
and deoxygenated blood relies on the gradient echo
imaging or similar techniques (1—11), such as the
tailored RF gradient echo technique which we
termed as TRFGE technique (12—16).

Questions raised in CGE as well as TRFGE
techniques in fMRI are, however, the generality of
the methods in quantitative assessment of the sus-
ceptibility effect or susceptibility difference as a

function of parameters involved in the techniques,
such as the echo times, repetition times, flip angles,
and thickness of the slice selected and angles of the
imaging slices or vessels against the main static mag-
netic field, B, as well as the imaging modes, whether
the imaging mode is axial, coronal, or sagittal. Es-
pecially the latters, i.e., the angle of imaging slices, or
vessels in relation to the imaging mode are closely re-
lated to the signal strength resulting from the sus-
ceptibility effect that could be developed in the
imaging sequence. It is, therefore, important to in-
vestigate accurately how those slice tilting angle of
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the imaging slices as well as the vessels against main
field affect the sensitivity of the measurements. In
this paper, both experiments and computer simu-
lations are carried out for various forms of vessels
raging from a single cylinder to a bundle of
capillaries tilted against main field at three different
imaging modes (axial, coronal and sagittal). To ob-
serve the effects on fMRI application, both CGE and
TRFGE sequences are studied and compared the
results, and attempted to analyze quantitatively the
susceptibility effects on fMRI.

Theory

1. Magnetic Fields and Susceptibility Effect

To study the distortion of the main magnetic field
from the susceptibility difference between interior
and exterior of a blood vessels of different sizes, a
cylinder (or capillary) is placed at the middle of a
large tube filled with water and tilted to the main
field, as shown in Fig. 1. The magnetic field can be
calculated from magnetic potential equation which
is a Laplacian equation given in Eq. [1].
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where r, y, and ¢ are the standard cylindrical
coordinates and angles, and V(r, o, y) is the magnetic
potential, respectively. Using the method of sepa-
ration of variables, the magnetic potential, V(r, ¢, y)

can be written as,

V(r, ¢, y)=R{r)®(p)¥(y), 2]
where R(r) is function of variable r, ®(¢) is function
of ¢ and Y(y) is function of y, respectively. By re-
placing V in Eq. [1] with Eq. [2] and with some
calculations, following results are obtained,
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where A, and B, are the coefficients which can be
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(c) Sagittal

Fig. 2. Three different imaging modes or views of a cylinder which is a simple tube or a bundle of vessels or small capillaries
with tilting an angle # against the main magnetic field (namely axial, coronal, and sagittal).
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evaluated from the boundary conditions. From Eq.
[3], the transverse and vertical components of the
main field can be obtained separately.

In Fig. 2, three views, namely axial, coronal and
sagittal imaging planes or views are shown with a tilt
angle 6. The cylinder is a simple tube or a bundle
consists of vessels or small capillaries. For each
imaging mode, tilt angle is varied between 0° to 90°
and measured magnetizations at all points on each
plane, namely axial(xy), coronal(zx), and sagittal
(yz), and calculated B,, B, and B,.

2. Signal Obtainable with CGE and TRFGE for
the Susceptibility Affected Voxel

a. Signal Intensity and the Susceptibility Effect

The signal intensity from a voxel surrounded by
materials 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 distri-
bution generated by the susceptibility effect. Con-
sider a voxel whose spins are distributed according
to the field variation due to the susceptibility effect
and assume that the slice thickness (along the z-di-
rection) is relatively thin so that the fields induced
within each voxel are linear. In this circumstance the
phases of the spins in the voxel will be distributed
linearly, that is, the spin phases become either inco-
herent or dephased, otherwise inphased, under the
constant field. The phase distribution in the slice
selection direction (z-direction) due to the suscepti-
bility-induced field variation in gradient echo
imaging can then be given as

gsus(Z)zyTE Gsus z
or =P,z [4]

where y is the gyromagnetic ratio, T: is the echo
time, G, is the field gradient created by the suscep-

tibility difference between the paramagnetic sub-
stance and the surrounding tissue, z is the position in
the selected slice, and P, is the phase gradient
induced by the susceptibility effect, i.e.,

Psuszy TE Gsus [5]

This phase gradient is a result of the combined ef-
fects of susceptibilities within both a voxel and a
pulse sequence and is and externally controllable

parameter.

b. Conventional Gradient Echo {(CGE) Imaging.

As is know 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, the actual phase distribution
developed along the slice-selection direction within
the voxel is more or less dictated by the existing field
in the voxel, such as the susceptibility-induced
field. In other words, a constant phase distribution
will develop for the normal tissue but a strong linear
phase distribution will develop in a voxel affected
by susceptibility. In the latter, the spins are affected
by the linear gradient due to the susceptibility and
their phases will be dephased, resulting in intra-
voxel signal attenuation. The intravoxel signal, Sasa
function of the susceptibility-induced phase gradi-
ent can then be written as

S= U +Z M rect (ZL) expliP., z)dz [6]
[}

where M is the magnetization, z, is the slice thick-
ness, and rect(z/z,) is the rectangular function with a
width of z,. In this case, we have assumed that
resolutions in the transverse (x, y) directions are
much higher than the resolution in the slice-selec-
tion direction (z) and it is also normalized 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 variable, Eq. [6] can be rewritten as

. Psus
sinc (— zo)

S=Mz, o

[7]

According to Eq. [7], the intravoxel signal decreases
with increasing phase gradient (P..) and in addition
signal voids are present at each phase gradient of *
27N /z, where N is an integer. This means that the
image contrast is strongly affected by susceptibility.
Consequently, if gradient echo imaging is used, the
susceptibility effect will appear as a signal vold or a
dark area because of this intravoxel signal attenu-
ation. The signal loss due to the susceptibility effect
will be particularly visible, for example in the
interfaces between the air and normal surrounding
tissues or deoxygenated blood (venous blood) or ve-
nous capillary beds and normal tissue. The resulting



Quantitative Analysis of Susceptibility Effects in TRFGE and CGE Sequences for functional MRI

Signal Intensity

MoZ,

M,Z,/2

0.0 /\ /\

8nizg, -6nlz, -4nlzy -2mizy O 2nlz, 4nlZo  Bmiz, 8wlz,
(a) Phase gradient (P, )

Signal Intensity

MoZ,

M,Z,/2

0.0
-8z, -6rlz, -4niz, -2n/z, O 2niz, 4n/zg  6mlz, 8niz,
(b) Phase gradient (P,)

Fig. 3. Signal intensity distributiona as a function of the
susceptibility phase gradient P, when (a) a conventional
sinc-shaped RF pulse is applied. (b) a tailored RF pulse
with a bilinear saw-tooth-like phase distribution in the
selected slice is applied.

image will then be attenuated due to the strong local
field gradients produced at these interfaces. This sig-
nal attenuation is the bases of T2* attenuation
utilized in fMRI with Conventional Gradient Echo
(CGE) sequence and it’s variation.

c. Tailored RF Gradient Echo (TRFGE) Imaging

As briefly mentioned above, the phase distri-
bution of the spins in a voxel which affect signal in-
tensity can now be modified by the externally ap-
plied slice-selection RF pulse. In conventional NMR
imaging, the slice-selection RF pulse is in the form of
a sinc function which has no particular phase distri-
bution within the selected slice, i.e., a constant phase
distribution in the slice-selection direction. A nor-
mal sinc RF pulse in conventional gradient echo
imaging, therefore, dose not affect the spin phase
distribution of the intravoxel spins originally devel-
oped within the selected slice.

Let us now assume that a tailored RF pulse with

phase distribution 0:{z) in the slice-selection direc-
tion is added to the existing phase distribution 0.{2)

: the total phase distribution of the intravoxel spins
then becomes 0,,.(z)=0..(z) + 0.(z). The signal from
the voxel then appears as

S= H *1 M rect (;Z—) explif..(z)ldz } [8]
r

O

S= H i M rect (L) explibu(z)] expliP,,-z]dz ‘

Zy
[9]
Using P, as a variable, Eq.[9] can be expressed as a
Fourier transform relation, i.e.,

S=‘ 21 MF ' [rect (*Z—) exp[iOR;(z)]

Z

. [10]

or

sus

P
S=’ 21 Mz, sinc( = Zo) x B '[explifud2)]]|,

[11]
where F ' represents the 1D inverse Fourier trans-
form operator, and * represents the convolution op-
erator. This result indicates that the signal intensity
given as a function of the strength of the suscepti-
bility-induced phase gradient can be altered by an
externally applied tailored RF pulse to a desired total
phase distribution, i.e., altering the spin phase dis-
tribution within a voxel so that it could result in
either an enhanced signal or a further attenuated sig-
nal.

To accomplish this goal, a tailored RE pulse with a
phase distribution similar to a bilinear saw-tooth-
like distribution is chosen. Resulting spin phases
then distribute uniformly from 0 to 27 rad (0.{z)

=41 |z| /z,) along the slice-selection direction. The
corresponding signal intensity then becomes

PSUS
21 M z, sinc ( Zg) * F 1[ exp( IM—H ‘
27 Z

[12]
Figures 3a and 3b show signal intensity of ob-

tained by conventional gradient echo (CGE) se-
quence and tailored RF gradient echo (TRFGE) se-
quence, respectively. As shown in Fig. 3, in normal
tissue where P,,,=0 no signal is produced : therefore.

S=

signal suppression is achieved for the normal tissues.
However, since the signal intensity increases
monotonically with increasing phase gradient (up to
+4n/z,), the signal intensity increases as the suscep-

tibility-induced phase gradient increases. Conse-
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Fig. 4. Simulation images of a single cylinder with the
CGE and TRFGE sequences, respectively for four tilting
angles.

(c) Simulation coronal images

quently, this tailored RF pulse can, therefore,
effectively be used to enhancing the signals from the
blood-tissue interfaces where the susceptibility ef-
fect is high, for example, due to the deoxygenated
blood or deoxyhemoglobin while suppress the
signals form normal tissues.

3. Susceptibility Effect in Blood

The volume susceptibility of a bulk deoxyge-
nated blood was known to be 0.08ppm at 2 Tesla
(17). Using oxygenation of the hemoglobin, the mag-
netic susceptibility difference in blood can be writ-
tenas;

L, hlood(Y):(l _Y) AXS oo [1 2]
where Y is the fraction of oxygenated hemoglobin.
For human, the fraction of oxygenated hemoglobin
Y can be calculated from the blood oxygenated
curve which is given as (18)

Y _ PO:\,, [13]

1—Y P,

where pO, is the partial pressure of oxygen in the

0=0° 0=30° 0=60° 0=9Q°
CGE
Y
TRFGE
z(By)
(a) Experimental sagittal images
CGE
TRFGE
CGE
TRFGE
(c) Experimental coronal images

Fig. 5. Experimental imagss of a single cylinder with the
CGE and TRFGE sequences, respectively for four tiiting
angles.

blood and Py, is the partial pressure of oxygen at
which half of the hemoglobin sites are bound
(Py,=26torr). Assuming partial oxygen pressure in
capillaries varies between 20 and 40torr where
20torr corresponds to the normal stage while 40torr
corresponds to the stimulated or oxygen rich state,
respectively (19). Then the susceptibility difference
indicates a corresponding value of 0.05ppm using
Eq. [12] and [13]. These values are used for the both
simulation and experimental studies.

Experimental Results and
Computer Simulations

Computer simulations and experiments are car-
ried out for a single cylinder as well as bundles of
capillaries with different capillary sizes. The cylin-
der or bundles then varied the tilting angle against
the main field, BO for the axial, coronal and sagittal
imagings or views, respectively (see Fig. 2). For the
single cylinder experiments, a cylinder of diameter
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Fig. 6. Normalized signal intensity changes as a function of the tilting angle for sagittal views with the CGE and TREGE

sequences, respectively.
a. Simulation result.
b. Experimental result.

Fig. 7. For the capillary experiments, a 15mm diameter
bundle consists of Imm diameter tubes and 10mm diam-

eter bundle with 300m diameter tubes lumped together
are used. Also two capillary bundles with two different
susceptibility values, namely 20mM and 18mM Gd-—
DTPA solutions are used to measure the contrast sensi-
tivity.

a. 10mm diameter bundles, each with 200 pieces of 300
m diameter tube.

b. 15Smm diameter bundles, each with 40 pieces of 1mm
diameter tube.

of lmm, 5mm and 10mm, respectively is used. The
cylinder is filled with diluted Gd—DTPA soluti-
on (10mM). Imaging parameters are TR/T E=40/25
msec, flip angle =16 and slice thickness=5mm for
both CGE and TRFGE sequences. Normalized signal

intensity changes are observed with varying the
tilting angle for three different imaging modes were
simulated and results shown in Fig. 4(a), (b), and (c)
and its corresponding experimental counterparts are
also shown in Fig. 5(a), (b), and (c), respectively.
These images are obtained by both with single cylin-
der for CGE and TRFGE sequences. Fig. 6 is the
normalized signal intensity changes as a function of
the tilting angle 6 for sagittal views for both
simulated and experimental data are shown for com-
parison. Although there is some differences between
the simulations and experiments, the trends of vari-
ation appear same for two cases. The signal intensity
changes a more or less opposite as expected for CGE
and TRFGE. When the cylinder is perpendicular to
the main field the susceptibility effect is maximized.
Therefore, the signal intensity of the TRFGE se-
quence is maximized. When the cylinder gradually
tilted, the susceptibility effect is also gradually
decreased. The experimental results, however, show
relative advantage of the TRFGE, having relatively
large signal intensity over the tilt angles.

More crucial and mimicking the true situation is
experiments with small capillary tube bundles. For
the capillary bundle experiments, a 15mm diameter
bundle consists of 40 pieces of 1mm diameter tubes
and 10mm diameter bundle with 200 pieces of 300u
m diameter tubes lumped together are used (see Fig.
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Fig. 8. The normalized signal intensity curves obtained from 15mm and 10mm diameter tube bundles with varying the
tilting angles against the main magnetic field B, for the two Gd—DTPA solutions (18mM and 20mM). Data obtained

from the CGE sequence (a & c). Data obtained from the TRFGE sequence (b & d).
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7). The experimental phantom also consists of two
capillary bundles of two different susceptibility
values, namely 20mM and 18mM Gd —DTPA solu-
tions, respectively, as shown in Fig. 7. The resulting
susceptibility difference indicates a corresponding
value of 0.05ppm. Imaging parameters were TR/TE
=40/25msec, flip angle «=30" and slice thickness=
10mm. Fig. 8 show experimental data of sagittal
images obtained from the 15mm and 10mm diameter
bundles with the CGE and TRFGE sequences, re-
spectively for the two Gd —DTPA solutions (18mM
and 20mM) with varying the tilting angles. Fig. 8(a)
and (b) show the signal intensity changes and differ-
ence of the set in the 15mm diameter bundles as a
function of the tilting angle for the CGE and TRFGE,
respectively. Signal intensity changes in the 10mm
diameter bundles as a function of the tilting angle are
also shown in Fig. 8(c) and (d) for the two Gd—
DTPA solutions. Although there are some differe-
nces between the large capillaries (1mm tubes) and
small capillaries (300um tubes) bundles, the trend of
signal intensity variation appears same for the two
cases. The signal intensity as well as the differences
has the tendency of decreasing with increasing
tilting angle for the TRFGE sequence while for the
CGE the trends were opposite.

Discussion and Conclusions

For the quantitative understanding of the “BO-
LD" effect, it was necessary to examine various
factors, namely imaging modes (sagittal, axial, cor-
onal), assumptions of vessel layouts (line tilt angles
of the vessels and capillaries or bundle of the
capillaries), and also the pulse sequences employed.
It was found that the maximum “BOLD” sensitivity
seems obtainable with the sagittal imaging. For the
parallel capillary bundles of two different sizes
clearly show the difference in intensities as a func-
tion of tilt angles (see Fig. 8(a) and (b)). The
differences, however, was relatively insensitive to
the tilt angles. Two examples of gradient echo
sequences (CGE and TRFGE) show similar difference
sensitivities (20mM to 18mM) with an opposite
trend, however, TREGE appears less sensitive to the
tilt angle showing relatively constant differences till
6=60". Present study also suggested that the pulse
sequence such as the TRFGE sequence clearly su-
perior to the conventional BOLD sensitive tech-

niques such as the conventional gradient echo (CGE)
sequence, the later (TRFGE) not only shows superior
contrast sensitivity over CGE but also insensitive to
inflow effect as well as bulk susceptibility effect
which undesirable information of measuring the
capillaries and distinguishing the capillaries from
that of the large venous vessels (see Figs. 4and 5).
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