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Theory

Both in diffusion tensor imaging (DTI) and in generalized diffusion tensor imaging (GDTI) the relation
between the diffusion tensor and the measured apparent diffusion coefficients is given by a tensorial
equation, which needs to be inverted in order to solve the diffusion tensor. The traditional way to do this
does not preserve the tensorial structure of the equation, which we consider a weakness in the method.

For a physically correct measurement procedure, the condition number of the acquisition scheme,
which is a determinant of the noise behavior, needs to be rotationally invariant. The method which tra-
ditionally is used to find such schemes, however, is cumbersome and mathematically unsatisfactory. This
is considered a second weakness, closely connected to the first.

In this paper we present an alternative inversion of the diffusion tensor equation, which does preserve
the tensor form, for arbitrary order, and which is named the direct tensor solution (DTS). The DTS is derived
under the assumption that the apparent diffusion coefficient in any direction is known, i.e. in the infinite
acquisition scheme.

Whenever the DTS is valid for a given finite acquisition scheme and for a given order, the condition
number is rotationally invariant. The DTS provides a compact, algebraic procedure to check this rotational
invariance. We also present a method to construct acquisition schemes, for which the DTS is valid for the
measurement of higher-order diffusion tensors.

Furthermore, the DTS leads to other mathematical insights, such as tensorial relationships between dif-
fusion tensors of different orders, and a more general understanding of the Platonic Variance Method,
which we published before.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Both DTI and GDTI use a diffusion weighted sequence to measure
the apparent diffusion coefficient, A. The key part of such a sequence

Diffusion tensor imaging (DTI) [1] is an MRI technique that
characterizes anisotropic diffusion in tissues. It is widely applied
in the brain [2,3] and increasingly more in other tissues as well,
like muscles [4] and kidneys [5,6]. Anisotropic diffusion is caused
by the presence of collectively oriented cell structures, like the ax-
ons in white matter tracts, which allow a relatively easy random
motion of the water molecules in one direction (along the axons),
whereas the motion in other directions (perpendicularly to the ax-
ons) is more restricted.

Generalized diffusion tensor imaging (GDTI), introduced by
Ozarslan and Mareci [7], is an extension of DTI to address the cross-
ing fiber problem, i.e. to describe the situation where more than one
structural orientation is present in a voxel. Whereas DTI describes
the diffusion with a second-order diffusion tensor, GDTI uses ten-
sors of higher order. Especially the fourth-order diffusion tensor
has already been used in a number of investigations [8-13].
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is the diffusion weighting gradient or diffusion encoding gradient. The
timing and strength of this gradient determine the degree of diffu-
sion weighting, b, and the direction of the gradient, g, determines
the direction in which the diffusion is measured. (For a more de-
tailed treatment of a diffusion weighted sequence, see e.g. [3].)
The relation between the MRI signal without diffusion weighting,
So, and the signal with diffusion weighting, S(b, g), is given by:

S(b,g) = Soe "®. (1)

So when S, and S(b, g) with chosen values of b and g are acquired,
A(g) can be calculated from Eq. (1). When the diffusion is isotropic,
A(g) has the same value in all directions and it is sufficient to mea-
sure in one direction only. In anisotropic tissues A(g) has to be mea-
sured in a number of directions.

In DTI, the directional dependency of A(g) is given by the
relationship:

Ag = ) &gby )

ije{xy.z}
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where Dj; are the elements of the second-order diffusion tensor, and
gi and g; are the components of the unit direction vector g. In GDTI a
generalization of Eq. (2) is used, with a tensor of order R:

Ag = Y

iyiy-ige{x.y.z}

8,8, iy Diyiy i (3)

Since the diffusion sequences which are used in practice always
measure the same A(g) value for g and —g, one can only determine
(generalized) diffusion tensors with even order, although theoretical
models using odd-order tensors have been published [14]. Further-
more, Eq. (3) implies that the diffusion tensor is symmetric, i.e. its
value does not change under permutations of the indices. The num-
ber of independent elements of a symmetric tensor of order R equals
M=(R+1)(R+2)/2][7],s0in order to determine the diffusion tensor,
A(g) has to be measured in a number of directions N > M.

The set of measurement directions, {g[1],g[2],...,g[N]}, is
called the acquisition scheme (also encoding scheme or sampling
scheme). Calculating the diffusion tensor from the measured appar-
ent diffusion coefficients, A[n] = A(g[n]), requires inverting Eq. (3).
Traditionally this is done using methods from linear algebra
[1,3], which is possible since Eq. (3) establishes a linear relation be-
tween the A[n] and the elements of D. To be able to apply linear
algebra, however, a regrouping of Eq. (3) is necessary: the indepen-
dent elements of D are put in a column, like a vector, Dy,
(m=1-...-M), and Eq. (3) is rewritten into a matrix-vector equa-
tion: A[n] = > GymDp. Using the (pseudo-)inverse of the matrix
G one can calculate D,y,.

This regrouping of a tensorial equation is the first of two funda-
mental weaknesses, or problems in the traditional way the (G)DTI
experiment is conducted, that form the reason for this paper. Ten-
sor equations have their own mathematical structure, properties,
and algebraic rules that allow an efficient mathematical analysis.
The central theme in tensor algebra is how equations behave under
transformations of the co-ordinate frame. E.g. if one derives scalars
following the rules of tensor algebra, these scalars always are rota-
tionally invariant. Furthermore, tensor algebra gives rise to com-
pact formulations which are particularly insightful. One of the
major feats of tensor algebra is the theory of general relativity [15].

Regrouping the elements of a tensor equation, is like writing out
all the components of a matrix equation, and trying to solve it
brushing aside the instruments of matrix algebra. Obviously this
is a contraproductive procedure: multiplying two rotations would
become quite complicated; finding a general expression for the
inversion of a set of linear equations would be practically impossi-
ble. Similarly we may be seriously wronging ourselves by disturb-
ing the structure of a tensorial equation.

The second fundamental problem of (G)DTI is about acquisition
schemes, and more precisely with the rotational invariance of the
condition number. The condition number, k, of an acquisition
scheme characterizes the noise properties of the acquisition
scheme, i.e. how the noise in the measurement data propagates
to the results [8,16-18]; the smaller x the better the noise proper-
ties. It is found in literature that the condition number of many
acquisition schemes, which are used in practice, varies when the
scheme is rotated [17,19]. Since k depends only on the acquisition
scheme (and not e.g. on the relative orientation of the tensor being
measured), this is equivalent to the statement that x varies with
rotations of the co-ordinate frame, constituting an undesirable sit-
uation: rotations of the co-ordinate frame are purely mathematical
and they should have no effect on any of the physical outcomes of
an experiment. For a physically correct measurement, rotational
invariance of x is a prerequisite.

In the literature much attention has been paid to investigating
acquisition schemes [e.g. 16-21] and schemes with an invariant
Kk have indeed been found. For a second-order tensor, these
schemes appear to have icosahedral symmetry, and a x of ¥4,/10

(~1.58). For a fourth-order tensor, there is only one study which
found a scheme with an almost invariant x of 3.75 [8]. A problem
remains, however: the procedure to find these schemes is rather
cumbersome, it consists of simply trying a number of schemes,
and each time checking the variation of x under a large number
of rotations. This is a time consuming procedure, it is never conclu-
sive in a mathematical sense of the word, and it gives no insight in
what constitutes a proper scheme.

Because of the nature of the two problems, one expects they are
connected somehow, and therefore we formulate the following
two questions to investigate in this paper: (1) Does there exist a
general expression for the inverse of Eq. (3) that preserves the tensor
form? (2) Can we use this expression to formulate mathematical prop-
erties and a simple checking procedure for acquisition schemes with a
rotationally invariant condition number?

A general tensorial expression for the inverse of Eq. (3) should
not depend on any particular acquisition scheme; when investigat-
ing this, we therefore assume that the apparent diffusion coeffi-
cient, A, is known in all directions. This is also known as the
infinite acquisition scheme, which is, as [17] put it: “an ideal, albeit
impractical, sampling scheme [involving] an infinite number of
uniformly distributed directions, which would not privilege a spe-
cific set of orientations”. We will show below, that under these
conditions, the desired inverse expression of Eq. (3) can be derived
for arbitrary order; we name it the direct tensor solution (DTS).

Next we investigate the conditions for which the DTS is valid for a
finite acquisition scheme. There appears to be a relatively simple test
for this, and we find that if the direct tensor solution is valid for a spe-
cific order, then « is rotationally invariant. The maximum order for
which the DTS is valid depends on the specific acquisition scheme,
and is called the order of the acquisition scheme. We also present a
method to construct higher-order acquisition schemes, by the intro-
duction of weighting factors: a weighting factor in a way represents
the solid angle covered by the individual measurement direction.

The DTS actually provides more opportunities to gain mathe-
matical insight in (G)DTI. We show two more applications. The
DTS leads to a natural way of defining relations between tensors
of different orders. And finally, we investigate the consequences
of the DTS to the Platonic Variance Method, which we published
before [22].

A preliminary version of some of the results of this paper has
been published as an e-poster at a meeting [23].

1.1. Definitions and conventions

We use ® as a short notation for the spherical co-ordinates:
®=(9,¢), $=0---w and ¢=0---27. g(w) is the unit vector in
the direction ®; in Cartesian co-ordinates:

sind cos ¢
sindsing |. (4)
cosd

g(m) =

We use the following abbreviation to write the integral over the
sphere:

. 2T T
/ o.dw = / / ---singddde. (5)
JOo J0

JQ

The operator SYM takes an arbitrary tensor F and turns it into a
symmetric tensor E by averaging over all permutations of the indi-
ces, P(iy, ia, . .., ig):

1
Eiyiyeiy = SYMFiyiiy = 1 Z
2R
€P(iyiy-ig)

Fj jyeje- (6)

When the SYM operator is meant to act only on certain indices, this
is specified by subscripts underneath the SYM symbol.
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The double factorial operator, !!, is defined as in [24]:

Cn+DHI=1-3---2n+1); (-H=1; 0
2N =2-4-.-2n); 0N=1

Two useful properties, which follow from Eq. (7), are:
n=n!-(n-1 (2n)l=n!.2" (8)

We chose not to use the more common notation for symmetri-
zation, using parentheses around the indices: F,;,..;,) [25], since in
the complex expressions we are going to deal with, this notation
might soon become obscure. We did not adopt the Einstein sum-
mation convention either, since we will deal both with summa-
tions over co-ordinate indices, and with series summations. The
Einstein convention applies only to the former, and using it would
remove only part of the summation signs, which might have a con-
fusing result.

2. The direct tensor solution

2.1. Summary

When diffusion is described by a diffusion tensor of order R,
D,i,..i,, the apparent diffusion coefficient, A(®w), measured in the
direction o, is given by'

Z g, (0)g, (®

iqipe
e{x.y.z}

'giR (w)Dilfz“'iR' (9)

(Henceforward, in summations over co-ordinate indices the
range {x,y,z} is understood and is not written explicitly.) Using
the infinite acquisition scheme, the inverse relationship we are
looking for, i.e. the DTS, must be an expression which integrates
over all directions (i.e. the sphere) and which is linear in A(®):

L
Dutsoi = 37 [ Sui-s(@A(@)do, (10)

(The factor 1/4m is used for convenience.) S is the solution tensor,
which is required to depend on ® only through g(). The solution
tensor may also contain Kronecker deltas, 3, which play the role of
constant tensors.

We postulate that S is constructed of g(®)s and Kronecker del-
tas, using three basic operations: addition, tensor multiplication
and multiplication with real numbers. Since D;;,..;, is symmetric,
tensor products of g(®)s and Kronecker deltas have to be symmet-
ric and they need to have the following form:
TQR-'q.)..iR((D) = SYM(g;, (®)g;, (®) - - &, (®);,_ip,,

il

[q even].
(11)

Stated in words: T®®® consists of ¢ components of g, comple-
mented with (R — q)/2 deltas to make a tensor of order R. The oper-
ator SYM guarantees that the result is symmetric. Our solution
tensor then is a linear combination of these TR

Sivipig(@) = > R QOTHY, (), (12)

q=02...R

614[171 ip )

with coefficients o(R, q), which are undetermined, as yet.

If the solution tensor has the correct form, substitution of Eqs.
(11), (12), and (9) into Eq. (10) will produce the identity. So the
essential question is: do coefficients o(R, q) exist, for which this
is the case? We shall demonstrate below that such coefficients in-
deed do exist, and that they are given by:

(R+qg+ 1)1
(R—q)'q!

Fig. 1 shows the solution explicitly worked out for orders 0, 2, 4
and 6.

(R, q) = (-1)7 [q=0,2,....R]. (13)

1
=— | A(®)do
4”!2 ()

D,-j:L ( 38, +5 g(w)g (@) )A(ﬂ))dm

477Q

1
Dy =EI ( BSSYM(3;8y)
Q
- 1B SYM(g;(@)g ;(®) 8;y)

+315 ¢ (@) (@) g4 (0)g, () ) A(®) do

—

BSYM (5,88

1
Dijtin = EJ. mn)
Q

+25.5YM (g;(0)g ; (©)848,,,)

- H5.9YM (g;(0) g ; (@) g1 (@) g, (®)3,,,)

+3005 ¢ (@) g ()24 (0)2,(0)8,,(0)2,(©) )A®) do

Fig. 1. Direct tensor solutions for orders 0, 2, 4, and 6.
2.2. The H tensor equation

To deduce the coefficients o(R, q) we start with substituting Egs.
(11), (12), and (9) into Eq. (10):

1 i) )
"k T 4n /Q q=02...R
x SYM(g;, (0)g;, (o) - -

x Z g]l (m)glz (l)

J1i2dr
Reordering such that the integral over ® is moved inward as
much as possible, and the summation over g is moved outward
yields

Dipig= Y. oR.q)SYM (5:@1:‘”---

q=02...R fif2 IR

'giq(m)aiqmimz T BiR liR)
ij (m)Djlfz"']R d(!) (14)

SiR—liR Z Djljz'--jn
Jrj2-dr
2
“ i [ 81(©8,0)-5, g, )5, ©)--8 (o)),
1s)

where the subscripts under the SYM operator indicate that the
operator acts on the i indices only, i.e. the SYM operation is exe-
cuted after the summation over the j indices has been performed.
The integrals in Eq. (15) have the form

-
Hyioi = 3 [ 8, ()8, (0) g (@)do, (16)
JQ

with P=R,R+2,...,2R. Let n,, n,, and n, denote the number of
occurrences of x, y, and z in {iy, iz ...,ig}, SO ny+n,+n,=P. By
substituting the co-ordinates of g from Eq. (4) into Eq. (16) we are
able to evaluate the integral, e.g. using a table of integrals [24]:

2n T
Hiiyip = % / / (sin® cos @)™ (sind sin )™ (cos ¥)™ sinddyde

(ny —1)M(n, — DH(n, — 1)
{ (P+1)1
[otherwise]

H(ny,ny,n,) (17)

[nx,ny, and n, even]

The result is called the H function, H(n,, ny, n,).
A disadvantage of Eq. (17) is that it is a function of n,, n,, n, in-
stead of iy, iy, . . ., ip, SO the tensor structure is lost. An expression in
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tensor form, which is needed in this context, is found by observing
that the result of Eq. (17) is invariant under rotations of the co-
ordinate system; this is in fact a natural consequence of the inte-
gration over the sphere. A tensor of which the individual elements
are rotationally invariant is called an isotropic tensor [26]. One
may construct an even-order symmetric isotropic tensor by sym-
metrizing a product of Kronecker deltas, which obeys the following
relation:

1
== SYM(8,1, 8, -+ ip_yip)

P = H(ny,ny,ny)

[P even] (18)
Eq. (18) is proven as follows. The SYM-operator expands to P! terms
with in each term a product of P/2 deltas, and each with a unique
permutation of the indices iy, iy, . .., ip. For a non-zero term, all del-
tas must yield 1, i.e. they must be of the form &, 3y, or 8. It fol-
lows that for the existence of non-zero terms ny, n,, and n, have
to be even, otherwise the total result will be zero.

Given ny, ny, and n, even, the terms with a non-zero contribu-
tion consist of n,/2 deltas of the form &y, 1n,/2 deltas of the form
dyy, and n,/2 deltas of the form &,,. The number of ways to divide
the P/2 deltas into three groups of sizes n,/2, n,/2, and n,/2 is given
by the multinomial distribution: (P/2)!/((ny/2)! - (ny/2)! - (n/2)!).
Distributing the indices over their deltas may be done in
n!-ny!-n,! ways. Some algebraic manipulation, using Eq. (8)
shows that this amounts to a total of P!!-(n,— 1)!!1-(n, — 1)!!-
(n, — 1)!'! permutations with a non-zero contribution. Dividing this
by P! (because of the SYM) and by (P + 1) (which is the factor be-
fore the SYM in Eq. (18)), the result of Eq. (17) is obtained.

Combining Eqgs. (16)-(18) yields the H tensor equation:

1 1
an /Qgi1 (0)g;,(®) g, (0)do = mSYM(&'liZSim"'6ip,1ip)7

(19)

which will be used repeatedly throughout this paper. Fig. 2 shows
examples of this equation, explicitly worked out for orders 2 and 4.

2.3. Further derivation

By substituting Eq. (19) into Eq. (15) we obtain:

Diliz...jR = Z OC(R7 q) lS'Yl\/l <8iqliq+2 cen SiR—liR Z Djljz‘”jR
TR Vg iR

Juj2+dr

1
SYM(6j1jz T SjR—ljR 61'1"2 t Siqliq)> (20)

“Rrq+1

The innermost SYM expression in Eq. (20) consists of (R +q)!
terms having (R + q)/2 deltas each. These deltas can be divided into
three types. Firstly, deltas with one i and one j index; on summa-
tion over the j indices these deltas cause a substitution of a j index
under the diffusion tensor by an i index. Secondly, deltas with two j
indices; on summation over the j indices these deltas cause a con-
traction of the diffusion tensor (i.e. summing over two equal indi-
ces, which results in a tensor with an order lowered by 2).

1
Z;igxmgﬁmdm=§%

1
Ejmm&wm@m@Mw%&M@mn
Q

_ 1 1 1
= 150,08 + 15848y + 1580

Fig. 2. The H tensor equation for orders P =2 and 4.

Thirdly, deltas with two i indices; summation over the j indices
has no influence on them and they can be grouped with the deltas
before the summation sign.

To count how many terms there are with exactly s deltas of the
first type (s < q, s even) we first select from the total of R/2 + q/2
deltas three groups for the three types: this can be done in (R/
2+q2)1{(R]2 —5/2)! - (q[2 — s/2)! - s!} ways. We select s i indices,
giving q!/((q — s)! - s!) ways, and s j indices: R!/((R — s)! - s!) ways.
We distribute them over the selected deltas of the first type: the i
indices give s! ways, the j indices also s! ways, and permutation of
the i and j index on the same delta produces an other 2° possibili-
ties. The R — s remaining j indices can be attached to the selected
deltas of the second type in (R —s)! ways, and likewise can the
remaining i indices be attached to the deltas of the third type in
(q — s)! ways. Multiplying all these possibilities and developing
this, we find a total of (R+q)!!-q!-R!/{(R—s)!!-(q—s)!!-s!}
terms. “Meta-mathematically” we write:

SYM(aflfz T SjR—ljR 81’1 [P 8iq—ﬂq)
1 (R+q)g'R!
~ (R+9q)! Z (R—1s)!1(q — s)!Is!

5=0,2,.q

s deltas with one i and one j index
x ¢ x(R/2 —s/2) deltas with two j indices
x(q/2 —s/2) deltas with two i indices
(21)

It is not important exactly which i indices and which j indices
are attached to which deltas, because of the symmetry of the diffu-
sion tensor, and because of the symmetrizing effect of the outer-
most SYM operator in Eq. (20).

After summation over the j indices, terms with s deltas of
the first type give rise to a term in the result with (R/2 — q/2) +
(q/2 —5/2)=(R/2 — s/2) deltas and with a diffusion tensor having
s free indices and R — s contracted indices. We therefore define:
U(R‘S)..‘ = Ezl\g(g “+ Oig_yig Z Di] i2"‘isjljljsz"'j(R—S),’Zj(Rfsl/Z)

sy 152 ©

iyip--ig
Jii2dr-s)/2
(22)
(It follows that U5, = Djj,..i,.)
Substituting Eq. (21) into Eq. (20) gives:
o (R, q) (R+q)!g'R! )
Diviy-ie = ng;mR (R+q+1)! s:()yzz;”q (R—s)!"(q — s)!s! Uiyoie (23)

By reversing the order of summation over q and s we obtain:
(R.s)
Diiy-ip = Z Uity i
5=02,...R
(R, q)q!R!

* E:)AR+q+UMR—ﬂMq—Qm1 24

If we now demand that Eq. (24) is the identity, the factor after
URR has to equal 1 and the factors behind the other U®) have
to be 0:

(R, q)q'R! { =1 [s=K (25)

o R (R+q+ TR —s)!l(q —s)!!s! =0 [s<R

This is a triangular set of linear equations, which is straightfor-
wardly solved: a(R, R) follows from Eq. (25) with s =R; using the
solution of «(R, R) and putting s =R — 2 one can solve «(R, R — 2);
using o(R, R) and o(R,R — 2) and putting s=R — 4 one can solve
a(R, R — 4) and so forth. We leave it to the reader to solve the first
few coefficients, and see that they all are in agreement with Eq.
(13). To check that this is indeed the general expression for
a(R, q) we substitute Eq. (13) into Eq. (25). The left hand side of
Eq. (25) becomes:
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(R+q+ 1! Ry q'R!
o (172 (26)
=513 R (R—q)!lq! (R+q+DHUR—s)!I(g —9s)!!s!
Simplifying this and then substituting h=(R-q)/2 and
t=(R - s)/2 yieldS'
2%(R - 20)1tP £ Z hi(t - h)! @7

Fors=R,t=0Eq. (27) equals 1. For s <R, t > 0 the summation in
Eq. (27) yields 0; this is a well known series from binomial calculus
([24], it is also a special case of Eq. (A1)). This proves Eq. (13) and
we have derived the DTS.

2.4. Odd-order tensors

In the approach of Liu et al. [14] the phases of the diffusion mea-
surement signals, provided they can be measured, obey
d(m®) = —P(—m) and they are modeled by a sum of odd-order ten-
sors. While this is essentially more complex than the approach in
this paper, where the apparent diffusion coefficients are modeled
by a single tensor, it might be useful to know that our approach
is applicable for odd-order tensors as well.

Following the derivation given above, for odd-order tensors Eqgs.
(9) and (10) remain unchanged. For Egs. (12), (14), and (15) ¢ now
is odd: q=1,3,...,R. In Eq. (15) H tensors occur with order
P=R+1,R+3,...,2R, so P is even, just as in the even-order case.
InEq.(20)g=1,3,...,R. In Eq. (21) we see that the number of del-
tas of the first type (i.e. with one i and with one j index) always is
odd, so s=1,3,...,q. The resulting expression is unchanged. Eq.
(22) remains the same (now applied with odd s and R). In Eq.
(23) the summation indices become: ¢=1,3,...,R;s=1,3,...,q.
Reversing the summation order, Eq. (24), gives s=1,3,...,R;
q=s,5+2,...,R Egs. (25)-(27) do not change.

So for odd-order tensors the same coefficients «(R, q) and the
same solution are obtained as for the even-order tensors, except
for the summation over g, which has odd values instead of even.

3. Finite acquisition schemes
3.1. The H tensor check

As mentioned above a (finite) acquisition scheme is a set of
directions {g[1],g[2],...,g[N]} in which the apparent diffusion
coefficient is measured. The g[n] have to be sufficiently indepen-
dent, and N has to be equal to or larger than M, being the number
of independent elements of the diffusion tensor of order R. We
investigate whether there are finite acquisition schemes for which
the DTS, as derived above, is valid.

Since both A(®) (Eq. (9)) and S(®) (Egs. (11) and (12)) depend
on o through g(®), we define A[n] and S[n] by replacing g(®) by
g[n], giving rise to the following direct tensor solution for a finite
acquisition scheme (cf. Eq. (10)):

1 N
Diyiy-i = 3y D Siiz-ig AN, (28)
n=1

where now the solution tensor S[n] is known.

Following the derivation of the DTS of the previous sections, we
see that a necessary and sufficient condition for Eq. (28) to be valid,
is that Eq. (29), being the discrete version of the H tensor equation

(Eq. (19)), holds for all orders P=R,R+2,...,2R:

1E 1

~ D& [Ng, ] &, = 5—=SYM(8i,,8isi, -+ Sip_yip) (29)
N; 1 ”) p P+‘l 112 71314 P- P

Unlike the case with the infinite acquisition scheme, Eq. (29) is
not generally valid. Instead it has to be checked for every acquisi-
tion scheme. In practice, when checking a particular scheme, it is

Order P =2:
—Zg [nlg;ln]=
nl
Ive2_ly 2 _ly,2_1
PN WEE
1 1 1
ﬁzgxgy:Ezgl\'gzzﬁzgxgz:o
Order P = 4:
*28 [n]gjlnlgilnlgn]= 8kl+L6ik5‘l+L6ila‘k
N& J 15 % s
4_ 41
*Z zgv zgz 5
O EINEE WA BEE) WY
N Xy N y°z N X°z
_1 3_1 3_1 3_9
_ﬁzgxgy_ﬁzgygz_ﬁzgxgz_
72 g2g2 = gzgz L
¢ N 15
1 2 _1 2, _ 1 2 _
ﬁzgxgygz —ﬁzgxgygz—ﬁzgxg 8z =

Fig. 3. The H tensor check for orders P=2 and 4 and the corresponding
(P+1)(P+2)/2 individual tests to be performed. In the individual equations, the
index n has been dropped for clarity.

convenient to use the H function, Eq. (18). Because of the symme-
try, one needs to perform only (P+ 1)(P+2)/2 tests to check Eq.
(29) for order P. In Fig. 3 these tests are explicitly shown for orders
P=2 and 4.

3.2. Condition numbers

The noise behavior of an acquisition scheme may be described
by the condition number, k [8,16-18]. The smaller k the better
the noise properties. As described in the Introduction, in the tradi-
tional solution the independent elements of the diffusion tensor of
order R are written as a vector: D, m=1---M,M=(R+1)(R+2)/2,
and Eq. (9) is written as a matrix-vector relationship:
A[n] =>"1GpmDm. A method to calculate x [17] defines the matrix
K as the product of G, with its transpose: Kmp = > 1GnmGnp. Then
K equals the square root of the ratio of the largest and smallest
eigenvalues of K, i.e. K =/(émax/€min)- Although this definition is
not in tensor form, it is possible to follow the approach and to cal-
culate x for the direct tensor solution.

To transform the diffusion tensor Dj,..;, into a vector Dy, we
use a list of independent index combinations for a symmetric
tensor. For R=2 we have {xx,yy,zz xy,xz,yz}, and for R=4
{xXxxx, yyyy, zzzz, XXyYy, XX2Z, YYZZ, XYYy, XXXy, XYZZ, XZZZ, XXXZ, XYYZ,
yzzz,yyyz, Xxyz}, etc. (the order of combinations in the list does not
influence the result, as long as it is consequently adhered to). We
now put vector component D, equal to the diffusion tensor
element with index combination nr. m from the list:
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D = D iy igim)- (30)
Then the matrix G, is given by:
Gam = H(M)Z;, iy M3y g [N - - Gy [N, (31)
where p(m) is the multiplicity factor, i.e. the number of times the
tensor element with indices (i;[m], iz[m], ..., ig]m]) occurs in a sym-
metric tensor of order R [7],
R!
Um) = ————r (32)

ny(m)!ny(m)!n,(m)!

where n,(m), n,(m) and n,(m) are the number of occurrences of x, y
and z in {i;[m], ix[m], ..., ig[m]}.

Assuming that the DTS holds, i.e. Eq. (29) is valid, and using the
functional expression for the H tensor, Eq. (18), as well as expres-
sion (32), the elements of matrix K are written in closed form:

= Z.U(m)gil () [Ty iy (1] - &y (1] - (D) & ) 118y ) (1] -+ Gy (M)

_ RE(n(m) + ny(p) — 1)1y () + 1y (p) — 1)!1(ne(m) + ny(p) — 1)1

ny(m)!n,(m)!n,(m)!ny(p)!n, (p)!n.(p)!(2R+ N!! (33)

[nx(m) +nx(p), ny (M) + ny (p), n.(M) + . (p) even|

=0 [otherwise]
In Eq. (33) the dependency on the measurement directions is
“summated away”, so it follows that, for the DTS, K and x are

invariant for rotations of the co-ordinate system. For order 2 we
have:

K2 :%\/10 ~ 1.58114

—_
w
O O O = = W
O O O = W=
O O O W = =
o O b~ O O O
o b~ O O O O
S O O O O O

(34)

Both the matrix and the value of k2 are well known [17].
Using the general expression of Eq. (33), however, we may evaluate
K for any order R. For R = 4 we obtain:

353 3 3 30 6 00 0 00 0 0 O0 O
33330 6 30 00 0 0O0 0 0O0 0
333 6 30 3 00 0 00 0 00 0
3030 6 108 36 36 0 0 0 0 0 O O O O
30 6 30 36 108 36 0 0 0 0 0 O O O O
6 3030 36 36 1080 0 0 0 0 0 0 0 O
0 00 0O O 0 84 4 0 0 0 0 0 O
I(“ML% 0 00O 0O O O 48804 0 0 0 0 0 O
0 00 0O O O 48438144 0 0 0 0 0 O
000 0O 0O 0 0O O 8048 4 0 0 0
000 0O 0O 0 0O O 4880 48 0 0 0
000 0O 0O 0 0 O O 48481440 0 O
000 0 0 0 0O O O O O 8048 48
000 0 0 O 0O O O O O 4880 48
000 0O 0O 0 0O O O O O 4848 144
o) _ 2214 V36745 g 00sas (35)

221 - /36745

This is in agreement with the experimental value published re-
cently in a comparison of the noise behavior of acquisition
schemes to measure a fourth-order tensor [8].

For R = 6 we numerically found the value: x = 9.835047.

In conclusion: when the DTS is valid, the condition number of
the measurement is invariant under rotations of the co-ordinate
system, and its value depends only on the order of the tensor being
measured, not on the acquisition scheme used.

3.3. The order of an acquisition scheme

If for an acquisition scheme Eq. (29) is valid for an order P, then
it is also valid for orders P — 2, P — 4, ... This can be shown by con-
tracting both sides of Eq. (29) once (i.e. put two indices equal, and
summate over them) and working this out algebraically. A direct
consequence is that if Eq. (29) is not valid for a certain order Q, it
will not be valid for orders Q+2,Q+4 ... either. So when there is
an order P for which Eq. (29) is valid, while for order P+2 it is
not, then P is the maximum order for which Eq. (29) holds, and it
follows that the DTS is valid for this acquisition scheme for all or-
ders up to and including P/2. We will call this order the order of the
acquisition scheme, Rs = P[2. A finite acquisition scheme must have
a finite order Rs, because an upper bound for Rs is given by the con-
dition (Rs+ 1)(Rs +2)/2 < N.

A well known source for acquisition schemes with directions
that are regularly distributed over the sphere, is formed by the ver-
tices of the Platonic and Archimedean solids (Fig. 4, [27,28]).
(Although they all possess regularity and symmetry, not all of them
are quite homogeneous, as can be seen from the rather large differ-
ences in face surfaces of some of the solids in Fig. 4.) With the
exceptions of the tetrahedron and the truncated tetrahedron, the
number of independent directions in these schemes equals half
the number of vertices. We have calculated Rs using exact expres-
sions for the vertices, as can be found in [28], except for the snub
cube and the snub dodecahedron, in which case we used a floating
point approximation. As depicted in Fig. 4, we find that all Platonic
and Archimedean schemes with icosahedral symmetry have Rs = 2,
the other schemes have Rs = 1.

To investigate the rotational invariance of the order of a
scheme, we show that if Eq. (29) holds for a order P for a specific
scheme, it holds as well when we rotate the scheme (or equiva-
lently when we rotate the co-ordinate system). Let the rotation
be given by the matrix operator Ry, and the rotated scheme by
{>"jRijgiln], n=1--. N}, then we have to prove that:

1 1
N > > Rijg;, [nRy,g, [N Riyj,g;, 0] = Pr1 SYM(8y, i, 8iyiy -+ ip_yip)
n=1 jijp-in
(36)
Rotating Eq. (36) backwards, i.e. subjecting both sides to
> R Ry, Rigi, (), (37)
iy ig-ip

and, using the orthogonality of the rotation, Rj ! = Ry, we obtain

0> g g, ],
n=1

1o _ 1
= Z Rklli] sz]iz - ‘Rk,,lip Pri SYM(8i,i, isi, -+~ Oip_yip)
i ip

1 1o _ _

“P+1 SYM( Z Rkl]"l bilizRfZ"szalia Bigiy Rigky - 'Rk,},npfl 5ip1ipRip’<P>
inipip

1 -

=P SYM (S, k, Oksky - - Okp_1kp ) (38)

which is Eq. (40) again. So if Eq. (40) holds for an acquisition
scheme for order P, it also holds for the rotated scheme for order
P, and therefore the DTS for order R = P/2 holds as well. We conclude
that the order of an acquisition scheme is a rotationally invariant
parameter.
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tetrahedral
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Rg=1
tetrahedron truncated
(N;=4) tetrahedron (12)
cubic
symmetry
Rg=1
octahedron truncated cuboctahedron rhombic
(N;=3) octahedron (12) (N;=6) cuboct. (12)
\ @
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(N,=4) cube (12) cube (12) cuboct. (24)
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dodecahedron truncated snub dodeca-  great rhombic

(N,=10) dodecahedron (30) hedron (30) icosidod. (60)

Fig. 4. Acquisition schemes determined by the vertices of the Platonic solids (first
column) and the Archimedean solids (other columns). With every scheme the
number of directions of the scheme, Ny, is given in parentheses. Rs is the order of the
scheme, i.e. the maximum order for which the direct tensor solution is valid.

3.4. Weighted acquisition schemes

Searching for schemes with a higher order, we investigated the
tessellations of the icosahedron, which are being regularly used in
literature [7,9,17,18,29]. Rather disappointingly, though, all tessel-
lations we checked have order 2. As described in the caption of
Fig. 5, this can be understood by the fact that tessellations of the
icosahedron are essentially inhomogeneous; they do not converge
to the infinite acquisition scheme, which is homogeneous per
definition.

Our way to obtain acquisition schemes with a higher order fol-
lows from the observation that the direct tensor solution in a finite
acquisition scheme may be seen as a discrete approximation of the
continuous (integral) solution of the infinite scheme. In such an
approximation one should take into account the variable of inte-
gration do: each direction in the finite scheme represents a solid
angle. Therefore we introduce weighting factors, w[n], connected

to the directions, with w[n]/N in the finite scheme corresponding
to dw/4r in the infinite scheme. Eq. (28) then becomes:

N
Dl = gy D St AT (39)

n

and Eq. (29) is modified into:

1 1
N Zgil [n]g;,[n]- - g, [njw[n] = mSYM(&liz Oisiy -+ %0 4ip)  (40)
n=1

It can easily be checked that like Eq. (29) also Eq. (40) has the
property that if it is holds for order P, it also holds for orders
P—-2,P—4,..., so everything we derived about the order of an
acquisition scheme, remains valid for a weighted acquisition
scheme.

To calculate the condition number of a weighted acquisition
scheme, we introduce the N x N diagonal matrix U, with
Upn = yvW[n]. For the K-matrix we now have K=(GU)"(GU) and
Eq. (33) holds in the same way, with the same resulting condition
numbers as in the non weighted case.

Since in the Platonic and Archimedean schemes all directions
are equivalent, i.e. the vertices are indistinguishable, there is no
useful way to introduce weighting factors, since there is no sensi-
ble way to label one direction with a different weighting factor
than another. The vertices of the tessellations of the icosahedron,
however, are distinguishable. It is possible to divide these schemes
into subsets of equivalent points, so different weighting factors can
be attributed to each subset.

Let us suppose in a specific scheme there are m different subsets
and therefore m different weighting factors. Applying Eq. (40) for
an order P gives a set of linear equations with m unknowns. Choos-
ing the order too low gives an underdetermined set of equations,
choosing the order too high gives an inconsistent set of equations.
The highest order which produces a solvable set of equations
determines the order of the acquisition scheme, Rs = Py,ax/2, as well
as the values of the weighting factors.

Fig. 6 shows the results for a number of tessellations of the ico-
sahedron as well as for the combination of icosahedron and
dodecahedron. This is a useful scheme with less directions than
the 1x tessellated icosahedron, while still possessing order 4. We
see that with the use of weighting factors schemes with higher or-
ders can indeed be obtained.

4. Additional results
4.1. Relations between tensors of different orders

If we measure a voxel whose diffusion properties are governed
by a diffusion tensor of order R,

AP (@)= " g, (0)g,(0) g (©)Dyj,..i, (41)

iyiyig

and we use these values to calculate a diffusion tensor of order T,

o1
pr-n _ L /Q Siiir (AR (0)do, (42)

iqipip T

0 A"‘“v‘“v" v
L VAAWA AT
et

Fig. 5. Tessellations of the icosahedron: from left to right 1 to 5 times tessellated. Smaller faces are rendered darker than bigger ones, so in the darker areas the density of
vertices is larger than in the lighter areas. One sees that for increasing degree of tessellation the vertex density close to the original vertices of the icosahedron remains higher,
illustrating the tessellations do not converge to a homogeneous scheme, and therefore do not converge to the infinite acquisition scheme.
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Fig. 6. Acquisition schemes with subsets and weighting factors per subset. With every scheme the number of independent directions, Ny, and the order of the scheme, Rs, are
listed. Weighting factors are mentioned after the = sign together with a representation of their subsets.

then substitution of Eq. (41) into Eq. (42) gives a natural relation-
ship between two diffusion tensors of different order.

Working this out, analogously to the derivation of the DTS, but
using the DTS itself (Eqs. (11)-(13)), we obtain the following

expression:
= B(T.R, )UK (), (43)
5=0.2,...min(R,T)
with the coefficients (T, R, s) obeying:
R!
BIRS) = m =g
Ty (T+q+ 1)1
X (=1)2 . (44)
eso T (T—@)"(R+q+ 1l(q—9s)!

and where the tensor UT®® is a generalization of U®*) (Eq. (22)):
UTRS) s a tensor of order T, consisting of a diffusion tensor of order
R which is contracted (R — s)/2 times (thus having order s), supple-
mented with (T — s)/2 deltas to obtain a tensor of order T, which is
finally symmetrized:

UTR) _syM (5

iliZ'"IT gy

-9 E Di1 iy-dsjritaia i(R-s)/2) (R-s)/2

J12dR-s)2

s 1ls2 ir_qir

(45)

We first evaluate Eq. (44) for T>R. Dividing the factor
(T+q+1)!! by (R+q+1)!! leaves a polynomial in ¢ in the numer-
ator behind the summation sign. We substitute k = (q — s)/2 for g,
and rewrite the remaining double factorials behind the summation
sign as ordinary factorials (with help of Eq. (8)):

R! T_s_sR
PIRS) = g (D727
S EEE R (B2 o
e (52— k)lk!

The series is equivalent to Eq. (A2) from Appendix A, with
N = (T — s)/2. The degree of the polynomial in k in the numerator
behind the summation sign equals (T — R)/2, which is always smal-
ler than N, except for s = R, when it equals N, and only in that case
the result is unequal to zero. A little algebra yields:

1 [s=RT>R
5(T,R,s) = 47
BT,R.5) {0 CRToR (47)
and Eq. (43) takes a relatively simple form:
D{ T = SYM(DiyiyigBigeyig.s -+ Sip i) [T >R (48)

In words: to express a diffusion tensor of order R in terms of a
tensor with a higher order T, supplement it with deltas to get a ten-
sor of order T, and symmetrize.

Following the same steps for T < R, an extra polynomial arises in
the denominator behind the summation sign, which makes the
evaluation of Eq. (44) considerably more complex. We confine our-
selves to the case T=R — 2. In that case, dividing (T+q+1)!! by

(0-2) _ 2-0) _ 1
Djj =D3; D =13 D4
a

(2—4) _ (4-2) _ 3 6
Dy~ = SYM(Dy; 8y) Dy ==28;> Daath 2 Dyjaa

ab a

(4—6) _ (6—-4) _ 5
Dt = SYM (Dyjig 8, D = 3rSYM @8 Y, Dogviec
abe
5
—3SYM| 8 Digaarn
b
15
+2% Ditiea
a
(6—8) _ (8—6) _ 7
sikimpg = SYM (Dt 8 ) Diggn = =15k SYM(8;8448,,,) > Duabbecaa

abed

+ % SYM (ngald 2 D yynaabbee ]

abc

14
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28
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a

Fig. 7. Examples of relations between tensors of different orders.
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(R+q+1)!! leaves a factor R+ g + 1 in the denominator. Substitut-
ing again k = (q — s)/2 for q and rewriting the double factorials into
ordinary factorials:
Rl R—;—Z
. R-—s-2_sR
—  (=-1) 2 22
(R—s)!s! (=1) pr

(_1)k
Cs+k+ D=2 -k
(49)
Applying Eq. (A5) from the appendix, with j=(R+s)/2 and
N=(R —s-2)/2, we find:
RI(R+s—-1)! Res2
R-sisigR-Tn D (0)

B(R—2,R,s) =

B(R—2,R,s) =
which substituted into Eq. (43) yields the expression for D®~R-2),

Fig. 7 shows some of these relationships explicitly worked out
for orders 0, 2, 4 and 6. We observe that two special cases of these
relationships were deduced before. Ozarslan and Mareci [7] found
expressions for D'®~>% and D“~?), using spherical harmonics; not in
the tensor form we present here, however, but in the form of tab-
ulated relations between tensor elements. Moakher [12] derived
the expression for D~2) in tensor form.

4.2. The Platonic Variance Property

The Platonic Variance Property as introduced in [22] is defined
as:

VarA = %Vari, (51)
where / denotes the eigenvalues of the second-order diffusion ten-
sor and A the measured apparent diffusion coefficients. With this
property a number of scalar invariants, like the Fractional Anisot-
ropy, can be efficiently expressed as direct functions of the A[n].
In [22] some acquisition schemes were presented that possess this
property. Using the results of the present paper, however, we can
make more general statements.

Let us rewrite Eq. (51) in terms of the second-order diffusion
tensor:

2
| — - 21 1

A=7,

7
For the second-order diffusion measurement we have:

Aln] = Zgi[n}gj[n]Dij- (53)
ij

Using Eq. (53) we evaluate Mean A and Mean A2, taking into ac-
count the weighting factors for a weighted acquisition scheme:

N N
A= % > winjAn] = ZDU% > ginjg;nwin] = ZDU%SU
n=1 ij n=1 7

= % Z Dj;, (54)

- N
A= 5> win) Y g nlg Dy S gillgnlDy
n=1 ij kl

1N
=> ZDijDklN > &ilnlg;[nlgy [nlg[njwin]
ikl n=1
1
= Z ZDUD"’E {88 + Biwdji + dudj }
i

2
1 2 X
= E < Ei D,'i) + E Eij Dij (55)

Egs. (54) and (55) are equivalent to Eq. (52). The essential point is,
that we used the H tensor equation for order 2 (Eq. (54)) and for or-
der 4 (Eq. (55)). The conclusion therefore is that the Platonic Vari-
ance Property holds for all (weighted) acquisition schemes with order
Rs > 2.

Furthermore, by inspection of Eqgs. (54) and (55) we arrive at the
conclusion that, if we want to extend the Platonic Variance Method
to calculate scalars which are polynomials of degree 3 of the eigen-
values (e.g. Skewness), and we consequently require that Mean A®
be a rotationally invariant function of the diffusion tensor, we need
to use an acquisition scheme with order Rs > 3.

5. Discussion

Our first question was: Does there exist a general expression for
the inverse of Eq. (3) that preserves the tensor form? The question
has been answered in the affirmative. The DTS is derived algebra-
ically as an exact linear expression, which, resubstituted in Eq. (3)
yields the identity equation. The traditional solution has the same
properties and it follows that in acquisition schemes where the di-
rect tensor solution holds, it must be equal to the traditional solu-
tion. In this respect the direct tensor solution is not a new tool for
the actual calculation of the tensor from measured data (although
it can be used for this purpose: see Appendix B). Its true value lies
in the tensor form, and in the ensuing properties and insights.

With respect to the form of the solution tensor, we argued that
it should be built up out of unit vectors, gi(®), and Kronecker del-
tas, &;. We restricted ourselves, however, to using the operations:
addition, tensor multiplication and multiplication by real numbers.
Although the fact that a solution indeed was found may be seen as
a justification for this approach, questions about its generality
might arise. In principle three extra possibilities to construct the
solution tensor exist: multiplication by scalars that are a function
of the direction m, integration over ®, and contraction of indices.
A scalar function of @ might be obtained by contracting a pair of
gi(m). Since > ;gi(m)gi(m)=1, however, this is not a useful option.
Because of the H tensor equation (Eq. (19)), integrating a number
of gi(®) over m yields an expression in &;;, which is covered already
by our approach. Likewise do the remaining possible contractions
fail to yield something new: > ig(®)§;=gim), > :di=3,
> idiidik = djk. Therefore there are no possibilities known to us,
which could provide a more general form of the solution tensor
than the one derived in this paper.

We turn to our second question: Can we use this expression to
formulate mathematical properties and a simple checking procedure
for acquisition schemes with a rotationally invariant condition num-
ber? Indeed, we have found the following properties:

o If for an acquisition scheme the H tensor equation for order P
holds, then the DTS is valid for all orders R < P/2. Checking if
the H tensor equation holds requires testing (P+ 1)(P+2)/2
algebraic equations.

e There is a maximum order for which the DTS is valid; this is

called the order of the acquisition scheme, Rs, which is a rota-

tionally invariant parameter.

If for a specific acquisition scheme the DTS is valid, then the

condition number is rotationally invariant and it depends only

on the order of the tensor to be measured, not on the acquisition
scheme.

e The introduction of weighted acquisition schemes opens the
possibility of constructing schemes with higher orders, by solv-
ing a set of linear equations.

This is a great improvement compared to the way acquisition
schemes have been analyzed thus far. The procedures presented
facilitate the use of acquisition schemes with rotationally invariant
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condition numbers such that reasons to use improper schemes dis-
appear. We expect this will be a valuable tool in the study of cross-
ing fibers, using fourth-order tensors, as well as in possible future
applications of higher order GDTIL

Concerning the variations in noise behavior of a GDTI measure-
ment, two effects must be considered separately. First there are
rotations of the co-ordinate system relative to the physical setup,
which we have considered above. This purely mathematical oper-
ation should have no effect on the outcomes of any physical mea-
surement. Since with respect to the acquisition scheme, the noise
behavior is characterized by the condition number, the rotational
invariance of the condition number is a prerequisite for a proper
acquisition scheme. The second source of variations in the noise
originates from rotations of the tensor being measured, relative
to the acquisition scheme (or vice versa). With the exception of iso-
tropic diffusion, such rotations always give variations in the noise
behavior, since they are caused by the finiteness of the scheme;
only an infinite scheme would be invariant in this respect. It is
therefore not realistic to require rotational invariance of this sec-
ond effect.

We described two more applications of the direct tensor solu-
tion. First there are the relations between tensors of different or-
der. For some specific cases such relations have been derived
before [7]; our expressions, however, have a larger generality and
they are, of course, in tensor form. Second there is the Platonic Var-
iance Method, which we previously derived for a few specific
acquisition schemes [22]. The direct tensor solution tells us that
it is valid for all second-order schemes, and shows at the same time
how this method can be extended by using higher-order acquisi-
tion schemes. Although these applications surely have their practi-
cal use, they demonstrate above all the value of the direct tensor
solution as a tool to increase our mathematical insight in GDTI.

Throughout this paper we have seen that the H tensor equation
plays a pivotal rule; it is used in the derivation of the direct tensor
solution, and in every of the applications we presented. To test if
the direct tensor solution is valid for a finite acquisition scheme,
testing the H tensor equation is sufficient. To our knowledge this
equation has not appeared in literature before, and certainly not
in the context of GDTI, which is remarkable, considering its ele-
gance and generality.

A shortcoming of the work presented here is that the higher-or-
der acquisition schemes are limited to tessellations of the icosahe-
dron. There exist methods to generate more homogeneous
acquisition schemes, like simulated electrostatic repulsion
[21,30]. It is not clear, however, how and if weighting factors can
be attributed to such schemes. In [29], concerning the integration
of spherical harmonic functions, it was suggested, that “the
weights in the summation that approximate the integral are equal
to the Voronoi areas for the sampling points on the unit sphere”.
We did some preliminary checks on the tessellated icosahedra,
but the weighting factors obtained from the Voronoi areas seem
to not exactly equal the weighting factors derived in this paper.
This remains a task for future investigations.

An important issue is raised by the fact that diffusion tensors al-
ways are positive semidefinite (PSD). In the presence of noise, nei-
ther the traditional method nor the direct tensor solution
guarantee that the resulting diffusion tensor is PSD. An alternative
method for the measurement of fourth-order diffusion tensors,
which preserves PSDness, is based on a reparametrization of the
traditional method [9,11,31]. We expect that the combination of
this method, with the proper acquisition schemes as presented in
this paper, will take advantage of the rotational invariance proper-
ties. This issue, however, needs further investigation.

Another approach to preserve PSDness uses Riemannian geom-
etry and log-Euclidean metrics. In [32-34] this is applied in the
manipulation of second-order tensors (like adding and interpolat-

ing). When used to estimate fourth-order tensors [35], however,
the fourth-order tensor is regrouped into a second-order tensor
in a six dimensional space, which is the kind of procedure we have
tried to avoid. So it is unclear at this moment, whether the Rie-
mannian approach can be reconciled with the DTS.

In conclusion: we have presented the Direct Tensor Solution,
which is a new equation in tensor form that is the inversion of
the basic equation of (generalized) diffusion tensor MRI. The DTS
gives a number of interesting new mathematical insights, the most
important of which is about the analysis and design of acquisition
schemes with a condition number that is rotationally invariant.
This may have immediate practical consequences in the measure-
ment of higher-order diffusion tensors.

Appendix A. Series

The basis for the series in Eqgs. (46) and (49) can be found in
[36]. Here we give both a form which is similar to that in [36]
(Egs. (A1) and (A3)), and a form that we use in this paper (Egs.
(A2) and (A5)).

Ref. [36] Eq. (6.6.3):

N N
an"( >(a0 +ak 4+ apk™)
— k

{0 [m < N|

(~1)"Nlg,, [m=N] IN>0] (A1)

Division by N! yields:

N (71)k m
Zik(ao+a1k+---+amk )
pard )

(N —k)lk!
_ 0 [m <N N>0 A2
_{(—l)Nam m=ny N0 (A2)
Ref. [36] Eq. (6.6.8), where P,,(k) is a polynomial in k of degree

m:

Order 2
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Order 4
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Sy =38 y2g2 38 235245

Fig. 8. Elements of the direct solution tensor for orders 2 and 4, expressed in the
Cartesian components of g(®): x = g(®), y = g,(®) and z=g,(®), so x> +y* + 22 = 1.
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(A3)

In Eq. (49) the polynomial P,;, equals 1 and a is a half odd inte-
ger: a=j+ 1/2. For this case, Eq. (A3) can be rewritten, using

1
r<n+§> :\é_nﬁ(Zn— N )
([24]: 8.339.2), as:
N k .
D 1T @-Dt e
kZ(:](N_Ic)!l(!'j+k+%_(2N+2j+1)!!2 (A5)

Appendix B. Solution tensors in Cartesian co-ordinates

When one uses an acquisition scheme, with the directions given
in Cartesian co-ordinates, and one wants to use the DTS to calcu-
late the diffusion tensor (Eqs. (28) and (39)), Fig. 8 may be useful:
it gives the elements of the solution tensor for order 2 and 4, ex-
pressed in the Cartesian components of g(®).
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