On the problem of an additional phaseterm in diffusion MRI in anisotropic media
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Introduction: The Bloch-Torrey equation has been used to analyze the diffusion MR signal for anisotropic media where theoretical analysis yields the term

V‘[D(I’,I)VJ‘;AB(T,T)dT]EQ(I’,I)/]/ where B is the magnetic field and D(r,t) the diffusion tensor. The factor Q(r,t)/y has units of magnetic field and
characterises the influence of magnetic field gradient V(AB) on diffusion tensor D(r,t) of the anisotropic media. Under the influence of this term, spins precess with

a frequency of Q(r,t) in addition to the Larmour frequency @, = B, and this induces an additional phasejZQ(r,r)dr in the MR signal. In this work, the
additional phase was estimated for diffusion MRI. The result indicates that the additional phase can be neglected in the conventional diffuson MR measurement,
but should be considered in high b-value and high spatial resolution diffusion MRI.

Theory: The motion of an isochromatic magnetization vector M(r, t), representing the magnetization in a volume element, dv, of the sample at location r, can be
described by Bloch-Torrey equation [1-3]. T; and T, are the longitudinal and transverse relaxation times, B the applied magnetic field, y the gyromagnetic ratio, D
the diffusion tensor, and M = (M,, M, M,) the net nuclear magnetization vector. Mo is the equilibrium magnetization. We introduce the complex-valued transverse

magnetization m(r,t) = M, (r,t) +iM (r,t) and consider that the applied magnetic field isin the z-direction B(r,t) =B, +AB(r,t)=[0,0,B, +AB(r,1)]".

Using B,= @ and the notations of ref.[3], we have: wz—iywom(r,t)—@—i;/AB(r,t)n‘(r,t)+V-[D(r,t)Vm(r,t)], (@]
2
Substituting m(r,t)=y/(r,t)@<p[—(ia)0+1/T2)t] into egn. (1), givesegn.(2) as %:—i;ﬂB(r,t)z//(r,t)+V-[D(r,t)Vz//(r,t)]. 2

Thus, we eliminate the attenuation due to transverse relaxation and signal modulation by the Larmour precession. i/(r,t) describes the precessing magnetization
untenanted by relaxation. Notethat V-[D(r,t)Vm(r,t)]= DV?m isonly valid for spatially uniform media, but invalid to spatially non-uniform, anisotropic media.

Taking w(r,t) :Y(t)@(p(—in;AB(r,r)dr) into eqn.(2) and usingthe formulaV - (fu) = Vf -u+ fV-u , we obtain

% - —yzY(t){VJ; AB(r,2)dz-D(r ,t)V[ [ AB(r,r)dr}}—iyY(t)V -{D(r ,t)V[ [faB(r ,r)dr}}, 3
where Y(t) is the amplitude of the precessing magnetization unattenuated by AB(r,t) . ThetermV-[D(r ,t)V_f; AB(r,7)d7] has the units of magnetic field. Using

the definitions k(r,t) = V[J';AB(r ,7)d7] and Q(r,t)= WV - [D(r ,t)V_f; AB(r,7)d7z] = WV -[D(r,t)k(r,t)] , egn.(2) can be simplified and its sol ution can be obtained as
av(t) Y
Y(t) Y,

0

=[=7%K (.0 D) -K(r D -0, 1) |t and :exp[;/zj;[—k(r,t)- D(r,t)-k(r,t)]dr]exp[—iﬁﬂ(r,f)df} @

wheretheinitial value Y(t,) =Y, hasbeenimposed. The term, exp[—i f(:Q(r,r)dr} , induces an additional phasein the diffusion MR signal.

Results and discussions: For a given diffusion gradient G, we have AB=Gg and k =V_f; (AB)dr:L‘Gdr. Therefore, we obtain the simplified expression
Q(r,r)/y:lemszjzms[kj (9D, /9x)] and b=[;/2'f;[—k(r,t)-k(r,t)]dr . For a given voxel at the location r, different directions of the diffusion gradient
induce different frequencies Q(r,7z) and an additional phase U;Q(r,r)dr . The additional phase depends not only on D(r,t) , but also on the magnitude of
diffusion gradient and its direction. In the continuous tensor field approximation, oD /dx could be used to characterise the curving or twisting feature of the triad
of eigenvectorsinimaging [4]. . A special caseisthat of a uniform medium with isotropic diffusion properties such as water, €2 =0 and no additional phase.

From the expression of Q(r,7), it is easy to estimate the additional phase for a diffusion MR measurement. Take the border between grey matter and
white matter in human brain as an example. Assume the eigenvalues of diffusion tensor are (0.7, 0.7, 0.7) for grey matter and (1.4, 0.35, 0.35) for white matter
(units: 10° mm?/s). (1) For a conventional diffusion MR measurement of b= 1000 s/mm? and echo time TE = 80ms, we have dD,, /9% =~ AD,, / Ax = 7x10*mm/s
for the voxe size of the order 1mm. From b=[72j-;[—k(r,t)-k(r,t)]dr}z 7’kTE , we get yk =+b/TE =110/mm and Q=>">"(¥kaD, /dx;) =
7kdD, /9%, =7.7x10*/s . The additional phaseis Q- TE = 6.2x10*circles= 2.2° for a conventional diffusion MR measurement. (2) However, for a high b-value
and high spatia-resolution (for example, voxel size of the order of Ax=0.mm ), b=17000mm’? and TE=32mg[5], the estimation gives

7k, =~/b/TE = 730/mm, 9D, /dx, =7x10°mm/sand Q= ykadD,,/dx, =5/s . Therefore, the additional phaseis Q- TE = 57° which cannot be neglected.

In conclusion, according to a theoretical analysis of the Bloch-Torrey equation, an additional phase is obtained in diffusion MR signal of anisotropic
meida. For a given diffusion gradient direction, the additional phase for different voxelsis not same and will cause image distortion. Different diffusion gradient
directions induce different additional phases for the same image and could introduce errors in the diffusion coefficient calculation. The analysis indicates that the
additional phaseis negligiblein conventional diffusion MR measurements, but should be considered for the case of high spatial resolution and high b-value.
References:  [1] H. C. Torrey, Phys. Rev., 104 (1956)563-565. [2] E. O. Stgjskal,, J. Chem. Phys., 43 (1965)3597-3603.

[3] D. L. Bihan and P. J. Basser, Diffusion and Perfusion Magnetic Resonance Imaging, Chap.1, Raven Press, New Y ork, 1995.
[4] S. Pajevic, A. Aldroubi, PJBasser. J Magn Reson. 154(2002 )85-100. [5] A. Schwacz et al, Magn Reson Med 51(2004)278-285.

Proc. Intl. Soc. Mag. Reson. Med. 13 (2005) 1327



