Physical source of fMRI signal phase change: theory and simulation
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INTRODUCTION: Most of the previous functional studies focus on the magnitude change of the MR signal. However, as well as the magnitude change, the phase
change of the BOLD fMRI signal [1-3] and the frequency shift of the functional MR signal [4] have also been detected in human. Since no fMRI signal phase change
should be detected if the fMRI signal is only consisted of extravascular signal and the blood vessel is modeled as the infinite cylinder [5, 6], the observed phase change
and frequency shift were attributed either to the phase change of intravascular signal [3], or to the tissue water’s frequency shift caused by local brain temperature
change after long stimulation of several minutes [4]. ‘Lorentz Sphere’ concept was introduced for estimating the local magnetic field at the nucleus of interest [7-9].
This ‘Lorentz Sphere’ concept has been applied to calculate the magnetic field distribution in heterogeneous blood which consists of high magnetic susceptibility red
blood cell and plasma to study blood transverse relaxation rate [10] or hyperpolarized '*Xe frequency shift in blood [11]. In this work, the ‘Lorentz Sphere’ concept was
extended to calculate the magnetic field distribution in the heterogeneous tissue which consists of extravascular water and high magnetic susceptibility intravascular
blood. After the Lorentz Sphere effect was accounted for, the frequency shift of the extravascular water could not cancel out, mostly because of the magnetic field
contribution from the surface of the Lorentz Sphere. Theory of using the ‘Lorentz Sphere’ concept to describe the magnetic field inhomogeneity of the heterogeneous
cortex was provided. To further examine the theory, a simulation based on the real fMRI data and the approximated cat visual cortex anatomical structure was
conducted. It is proved that the volume-averaged magnetization change during the stimulation and its demagnetization effect is most likely the sources of the detected
fMRI signal phase change.

THEORY: A two-component model was used for analysis of the local magnetic field experienced by proton [12]. In this model the magnetized blood vessels are
embedded in a given extravascular tissue. In each imaging voxel, the volume-averaged magnetic susceptibility % can be calculated from the local volume magnetic
susceptibilities of the extravascular tissue )t and the intravascular blood yb: x=fxb + (1-f)-xt. Where fis blood volume. In an external magnetic field B, the volume-
averaged magnetization for a voxel at position r is then given by: M(r)=Y:(r)-Bo/[Lo. Here |, is the magnetic permeability of vacuum. By defining a volume of activation
(VOA) where the blood susceptibility and/or the blood volume would change during the brain
activation, a Lorentz sphere can be drawn around a particular position r within the VOA (Fig.1). The
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from the external demagnetlzmg field projected to r by the magnetic moment distributions in regions
outside the VOA; M(r) is the volume-averaged magnetization at position r; By(r) is the magnetic field generated by the blood vessels within the Lorentz sphere, which
is used to calculate the fMRI signal change [6, 12]; Bi(r) is the self-demagnetizing field generated by the magnetic moments within the VOA (but excluding the Lorentz
sphere) at position r and can be expressed as:
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in which S is the surface of the VOA; r’ is the position on the surface for the
surface integration term or within the VOA (excluding the Lorentz sphere)
7 Yo for the volume integration term based on which integration is calculated; y(r’) is
the volume-averaged susceptibility inside the surface at position r’; J,,(r’) is the volume-averaged susceptibility outside the surface at position r’; n is the unit normal
vector of surface at position r’; div is the divergence operator.
During the brain activation, either the blood susceptibility is changed by the BOLD effect, and/or the high susceptibility blood volume is changed by vessel dilation.
Since such changes only happened in the VOA according to our definition, the B¢(r) term in above equation does not change. The magnetic field change is:
ABi(r) is the demagnetization field change caused by susceptibility change on the surface of the VOA and
AB(r) = AB; (I') + AM(I‘)+ ZAB (r) magnetization distribution change within the VOA. ABy(r) is the local magnetic field change from the blood
vessels and its contribution to the fMRI phase change is zero as the blood vessels are randomly distributed [5, 6].
For the CBV-weighted fMRI, the blood susceptibility is so high that the blood volume change (Af) during the brain activation is the main source of fMRI signal. If the
phase change is mainly caused by the volume-averaged magnetization change rather than the demagnetization effect, a negative phase change should be expected to

dominate in the area where the blood volume change is the highest, i.e. the middle cortical layer of the cat visual cortex [15]. The positive phase change can be detected
in the surrounding tissue area due to the demagnetization effect.
SIMULATION and RESULTS: Assuming the detected fMRI magnitude change is proportional to AM(r) [6], based on the results from the CBV-weighted fMRI
the spatial distribution of M(r) and VOA on the transverse plane of the cat visual cortex is obtained. The cat visual cortex in the anterior-posterior direction can be
¥ further assumed to be parallel to the By with size of 1 cm, the AB(r)
caused by AM(r) and demagnetization effect can be calculated by
the above equations. Fig.2 shows the detected CBV-weighted fMRI
magnitude change (A), phase change (B) and the simulated phase
change (C). Taking the product of simulated phase change and
| : baseline image intensity as CNR, then CNR-adjusted simulated
008 0 01 () 05 -Z. . phase is shown in Fig. 2C. Comparing the Fig. 2C and 2B, the
spatial pattern of negative phase response is very similar, indicating that the functional volume-averaged magnetization change dominates the phase response of the
middle cortical layer. For the positive phase response in Fig. 2C, it is also roughly similar as the detected positive phase change in Fig. 2B, which is caused by the
demagnetization effect. It is proved that the volume-averaged magnetization and its demagnetization effect are most likely the sources of the fMRI signal phase change.
REFERENCE: (1). Wen, H., etal.,, ISMRM 1993. (2). Lee, A.T,, et al., MRM, 1995. 33: p. 745-754. (3). Menon, R.S., MRM, 2002. 47: p. 1-9. (4). Yablonskiy, D.,
et al.,, PNAS, 2000. 97: p. 7603-7608. (5). Ogawa, S., et al., Biophys J, 1993. 64: p. 800-812. (6). Yablonskiy, D., et al., MRM, 1994. 32: p. 749-763. (7). Reitz, J.R.,
etal. 1967: Addison-Wesley Publishing Company. (8).Springer, C.S. 1994, Academic Press: San Diego. p. 75-99. (9). Durrant, C.J., et al., Concepts in Mag Reson,
2003. 18A: p. 72-95. (10).Ye, EQ., et al., MRM, 1995. 34: p. 713-720. (11). Wolber, J., et al., MRM, 2000. 43: p. 491-496. (12). Ogawa, S., et al., PNAS, 1990. 87: p.
9868-9872. (13). Pawlik, G, et al., Brain Res, 1981. 208: p. 35-58. (14).Li, L., MRM, 2001. 46: p. 907-916. (15). Zhao, E, et al., ISMRM 2004
Supported by NIH (EB002009, EB003375, NS44589, EB003324, EB002013, RR17239), McKnight Foundation and Georgia Research Alliance.

Tlagnitude

Proc. Intl. Soc. Mag. Reson. Med. 14 (2006) 2790



