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Total generalised variation in diffusion tensor imaging

Tuomo Valkonen* and Florian Knollt

Abstract

We study the extension of total variation (TV) and (second-order) total generalised variation (TGV?)
to tensor fields, and the application thereof to the regularisation of noisy diffusion tensor images from
medical applications.

Mathematics subject classification: 92C55, 94A08, 26B30, 49M29.

Keywords: total variation, diffusion tensor imaging, DTI, regularisation, medical imaging.

1. Introduction

Let f € LY(Q;Sym?(R%)) be a second-order symmetric tensor field on a domain Q C R?. In the
following, we intend to study ROF-type (Rudin, Osher and Fatemi [29]) regularisation problems

!
min 5||f = ullza + H(u). (1.1)
for a suitable regularisation functional H, particularly total variation (TV) and second-order total
generalised variation (TGV?) [I0], extended to the tensor case. Observe that we require the solution
u € L' (Q; Sym?(R?)) to be positive semi-definite.

This kind of regularisation problems arise, for instance, in diffusion-tensor imaging (DTI) of brain
tissues. As a first step towards DTI, diffusion weighted magnetic resonance imaging (DWI) is per-
formed. It measures the anisotropic diffusion of water molecules, and provides valuable and unique
in-vivo insight into the white matter structure of the brain [8,33]. To capture the diffusion information,
images have to be obtained with diffusion sensitising gradients in multiple directions. This leads to
very long acquisition times, even with ultra fast sequences like echo planar imaging (EPI). Therefore,
DWTI is inherently a low-resolution and low-SNR method. It exhibits Rician noise [20], eddy-current
distortions [33], and is very sensitive with respect to artifacts originating from patient motion [21] [2].

By taking multiple DWI images, a diffusion-tensor describing the probability of water diffusing in
different spatial directions can be solved from the Stejskal-Tanner equation [8| [23]. These tensors can
be visualised as a confidence ellipsoids, which have varying anisotropy — or directional dependence —
depending on the probability of diffusion of water in that direction. In particular, in the brain, grey
matter has low anisotropy — the ellipsoids are almost spheres, water having uniform diffusion. In white
matter, which transmits messages between areas of grey matter, the anisotropy is, by contrast, high —
the ellipsoids are far from spheres, and water has a single most probable direction of diffusion. Since
the DWI measurements are noisy, as described in the previous paragraph, we are led to the problem of
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denoising the diffusion tensors obtained this way. The denoised tensors (symmetric matrices) should,
moreover, be positive-definite, as the failure of this condition is non-physical.

Pennec and his cooperators [, [6, [19] have studied log-Euclidean metrics in the context of diffusion-
tensor imaging. Regularisation approaches based on log-Euclidean metrics facilitate maintaining the
positive-definiteness of the tensors, as well as avoiding swelling, i.e., increase in volume of the ellipsoids
corresponding to the tensors. Basically the log-Euclidean approach amounts to taking the logarithm of
the data, to expand the positive definite cone to the whole space, applying usual Euclidean techniques
(such as ROF), and transforming the solution back to the positive-define cone by taking the expo-
nential. This approach has therefore many desirable theoretical qualities, and is also computationally
tractable. We are interested in whether other regularisation approaches can provide results with other
desirable qualities. We study those in the family . One of these, namely TV, however lacking the
positive-definiteness constraint, has already been studied by Setzer et al. [30]. Some further related
work has been conducted by Chefd’hotel et al. [I5] and Tschumperlé and Deriche [34]. In these works,
instead of minimising a regularisation functional, a flow of the tensor field is defined, using the theory
of Riemannian manifolds (also employed by Pennec). The measured tensor field is then transported
by the flow until a result of desired quality is found. Finally, Poupon et al. [28] and Coulon et al. [16]
study the regularisation of the principal eigenvectors alone, not the whole tensors.

The rest of our paper is organised as follows. First in Section [2| we introduce the tensor and tensor
field calculus to set up the framework in which our results are represented. Additionally we study
the rotational invariance of tensor norms. Then in Section [3| we introduce and study variants of the
model problem . Section [] describes our implementation of the Chambolle-Pock algorithm [14]
that we use to solve these problems. Finally, in Section [5| we study the numerical results that we have
obtained, on both synthetic test data and an in-vivo brain measurement. To conclude the paper, we
state our final conclusions and outlook for future research in Section [6l

2. Tensors and tensor fields

We now recall basic tensor calculus, and then move on to develop norms and differentials of tensor
fields, and finally defining tensor fields of bounded variation and of bounded deformation. While
diffusion tensors are simply symmetric matrices, and the whole machinery of tensor calculus is therefore
not needed for talking about DTI measurements, for the development of differentials of tensor fields,
employed in the regularisation approaches that we study, we do need to introduce the machinery
for higher-order tensors as well. The development of total generalised variation indeed depends on
higher-order tensors even for scalar fields.

2.1. Basic tensor calculus

A k-tensor A € TF(R™) is a k-linear mapping A : R™ x --- x R™ — R. A symmetric tensor A €
Sym”(R™) satisfies for any permutation m of {1,...,k} that A(cy1,...,cm) = A(ci, ..., cx). For any
A € TF(R™) we may define the symmetrisation ||A by

1
(A) (1, er) = 2 0 Alerts s ex)

where the sum is taken over all k! permutations 7 of {1,...,k}.

Example 2.1 (Vectors). Vectors A € R™ are symmetric 1-tensors: A(zx) = (4, z). The symmetrisation
satisfies ||A = A.

Example 2.2 (Matrices). Matrices are 2-tensors: A(x,y) = (Az,y). Symmetric matrices A = AT are
symmetric 2-tensors. The symmetrisation is given by [|A = (4 + AT)/2. We use the notation 4 > 0
for positive-semidefinite A.



2.2. Tensor norms

Let eq,...,en be the standard basis of R”. We then define the inner product

(A,B) = Z Alepy, ... ep)Blep,- -, ep),

pe{l,....,m}*

[AllF = V{4, A).
We have (A, |[|B) = (||A, B). Thus, in particular, for symmetric B € Sym*(R"™), and general A €
Sym*(R™), we have (4, B) = (|| 4, B).

and the Frobenius norm

Next we discuss the so called the largest and smallest reasonable cross-norms, following [17]. A word
of note, however: all the results in [I7] that we refer to are stated there only for & = 2, but readily
generalise to k > 2. For a choice of p € [1, o0], we thus define the smallest reasonable cross-norm as

Al == sup{A(z1,...,z5) | [|zillp, <1,i=1,...,k}. (2.1)
The largest reasonable cross-norm is defined by duality as

[A[[n := sup{(A, &) | |¢]lv <1}

It may alternatively be written as

N N
1AlIA = it (D llaillp--- gl | A=) 2i®- - ©ai). (2.2)
i=1 =1

Only the case p = 2 is interesting to us, as in that case these norms are rotationally invariant, as is
the Frobenius norm.

Proposition 2.1. Let A € TF(R™), and let R € R™ ™ be a rotation matriz (i.e., orthogonal with
RT = R7! and det R = 1). Define Ar € T*(R™) according to

Ag(er, ... cx) = A(Req, ..., Rey). (2.3)

Then each of the norms || - |le for @« = F, A,V and p = 2, is rotationally invariant in the sense that
[ARlle = [IAls-

Proof. That || - ||y is rotationally invariant, is clear from the the equation (2.1)) defining the norm, as
seen by evaluating A(z],...,z}) with @} = R~z;. That || - ||» is rotationally invariant is clear from
the formulation (2.2)): If A = Zf\il i ®---®at, then Ag = Zf\il RTzi® - ® RT@”}C Likewise |- 1lF
can be seen to be rotationally invariant by arbitrarily decomposing A = ZZ]\; 127 ® - @), (Such a

decomposition always exists; we may, for example, take A =3 ) v Alepy, ... €p,)ep, @+ -@ep, )
Then
(Ar,Ar) =) (Ra{ ®---® Raj, Ra\ @ - @ Raj) = > [ IRj1? = [T Il
i=1 i=1 j=1 i=1 j=1
—(rl® @, rle . )= (4,A4). ]

Example 2.3 (Vectors). The inner product is the usual inner product in R™, and the Frobenius norm
|AllF = ||All2. We have ||A||x = ||A]|p, and ||A||x = ||Allq, where 1/p+1/q = 1. Thus for p = 2 all the
three norms are equivalent.

Example 2.4 (Matrices). The inner product is (A, B) = >_, ; A;; B;; and || A[|p is the matrix Frobenius
norm. Denoting by {\;} the eigenvalues of A, we find that for p = 2, the largest reasonable cross-norm
|Allx = >, |Ai] is the nuclear norm, and the smallest reasonable cross-norm || A||y = max; |);| is the
spectral norm.



2.3. Tensor fields

Let u: Q — 7FR™) for a domain @ C R™, and let || - ||s be a norm on 7%(R™). We then set

1/p
ey = ([ Nu@2d).” e toc)).  and fullo = esssupeq futa)]l
and define the spaces
LA THR™) = {u: @ — TER™) | Jullay < o}, and
LP(; Sym(R™)) = {u: Q@ — Sym*(®™) | [[ullop < 50}, (p € [1,0]).

The choice of the finite-dimensional norm || - ||¢ does not affect the definition of these spaces, since all
finite-dimensional norms are equivalent. Hence strong and weak convergence in the spaces is unam-
biguously defined, with the dual spaces analogous to the case of scalar functions: for 1 < p < oo, the
dual of LP(Q; T*(R™)) (resp. LP(%; Sym*(R™))) is LI(; T*(R™)) (resp. LI(Q; Sym*(R™))), where ¢
is the Holder conjugate of p, satisfying 1/p+1/¢q = 1. In a standard fashion we also deduce that ||- |ep
is lower-semicontinuous with respect to weak convergence in LP.

A tensor field ¢ : Q — T*(R™) is symmetrised pointwise, that is
(lle) (@) == [[(e(x)).
We say that ¢ is symmetric, if p(z) € Sym*(R™) for every = € Q.

Finally, if u € C*(Q; T*(R™)), k > 1, we define the divergence divu € C(€2; T*~1(R™) by contrac-
tion as

[divu(z)](eiy, - - -, €5,) == Z Oi, [z — u(z)(eiy, ... e,)] = Z (€iy, Vu()(€iyy ..., €,))- (2.4)
=1 =1

Observe that if u is symmetric, then so is div u.

Example 2.5 (Vector fields). Let u € C*(Q;R™) = C1(Q; TH(R™)). Then divu(z) = Y1, du;(x) is
the usual divergence.

Example 2.6 (Matrix fields). Let u € C1(Q; 72(R™)). Then [divu(z)]; = Y.t dyuij(x). That is, we
take columnwise the divergence of a vector field. We use the notation u > 0 for pointwise a.e. positive-
semidefinite u.

2.4. Tensor-valued measures

We let now pu € M(Q;7F(R™)) be a tensor-valued measure, that is, a family of measures
1()(epys -y ep,) € M() over the componentwise indices p € {1,...,m}¥. For p € C(Q; TF(R™)),
we then define

u(g) = /Q (s dp) = pq;w /Q D@ (Eprs - epe) (@) (Eprs - Ey). (2.5)

We symmetrise p as
(le)(e) := ulle), (v € THR™)).

For = fL£™, where L™ is the Lebesgue measure on R, this gives the desired expression (||u)(y) =
Jole(@), || f(x)) dz, and for symmetric 4 € M(Q; Sym*(R™)) we have ||u = .



For each e = F, A, V, let us define the non-symmetric unit ball
Veins = {p € CRBTHR™) | lllleco < 1}, (2.6)
and the symmetric unit ball
Vet = {p € C2(% Sym* (R™)) | [ ¢fle,00 < 1}

Topologically the choice of the finite-dimensional norm || - ||¢ does not of course matter, while geomet-
rically it does.

For 1 € M(2; T#(R™)), we now define for each ® = F, A,V the total variation norm
|1l o, (075 (R Y), 7= sup{u(ep) | ¢ € VEs)
For symmetric u € M(£; Sym®(R™)), we have
1tlle ptcere@my) = sup{u(p) | ¢ € VL)
indeed

sup{u(p) | ¢ € V&Y < sup{u(p) | ¢ € Viue} = llle meaie(rmy)
= [l etlle oz rmy) = sup{u(lle) | ¢ € VEL} < sup{u(p) | ¢ € VE}.

Finally, weak* convergence of {u'}2, € M(Q; T*(R™)) to u € M(£; 7%(R™)) holds when
() = plyp)  for all p € CX(Q THR™)).

Observe that || - [|o pq(.7r+1(Rm)) s lower-semicontinuous with respect to weak™ convergence.

2.5. Symmetric tensor fields of bounded variation and deformation

We define the distributional gradient Du € [C2°(Q; TFHH(R™))]* of u € LY(Q; T*(R™)) by
Duly) = [ (ula),divela)) dz, (o € CZ(RTHHR™),
Q
Likewise we define the symmetrised distributional gradient Fu € [C2°(Q; Sym* 1 (R™))]* by

Eu(p) := /Q<U(33),divsf)(x)>dﬂfa (p € C2(9; Sym™ H(R™))).

With these notions at hand, we now define the spaces of symmetric tensor fields of bounded variation
and bounded deformation, respectively, as (see also [9])

BV(€; Sym*(R™)) := {u € LY(Q; SymF(R™)) ‘ SUP, 1kt Du(p) < oo}, and

F,ns

D(€; Sym*(R™)) := {u € LY(Q; SymF(R™)) ‘ SUP ekt Eu(p) < oo}

For functions u € BV (Q; Sym*(R™)), we have Du € M(; TF*1(R™)), that is, the operator Du is a
measure. Analogously, for v € BD(; Sym*(R™)), it holds Fu € M(Q;Sym*+1(R™)). The proof of
these facts follows as in, e.g., [18, §4.1.5].



Remark 2.1. For k = 0 the space BV(Q; Sym®(R™)) agrees with the usual space of (scalar) functions
of bounded variation. For k = 1 the space BD(£2; Sym!(R™)) agrees with the space of functions of
bounded deformation studied by Temam [32].

Proposition 2.2. Let u € BV(Q; Sym*(R™)). Then u € BD(Q; Sym*(R™)) and Eu = || Du.
Proof. Let ¢ € C2°(2; Sym**1(R™)). Then by the very definition of Eu and Du, we have
Bulp) = [ (u(o).divp(a) do = Du(y).

In particular, sup{Eu(y) | ¢ € V}{f:l} < o0, so u € BD(;Sym*(R™)). Let then ¢ €
C(€; TF+1(R™)) be possibly non-symmetric. We now obtain

(IIPu)(¢) = Dullle) = Eu(lle) = Eulp).

In the final step we have used the fact that Fu is a measure, is hence defined for non-symmetric ¢,
and clearly satisfies ||Fu = Eu. O

Analogously to the case of scalar functions, we define on BV(Q; Sym*(R™)), and on BD(£; Sym*(R™)),
the norms

[ulle Bv(@symt@my) = llulleg + [Dulls pq(ire+1(mmy), and, respectively,
Hu”o,BD(Q;Symk(Rm)) = lulle, + HEUH.,M(Q;symHI(Rm))-

These define strong convergence and Banach-space structure; see [9]. Weak convergence of {u’ 2o C
BV (Q; Sym*(R™)) to u € BV(€; Sym*(R™)) is defined as

u' — u strongly in L'(Q; Sym*(R™)) and Du’ = Du weakly* in M(Q; THT(R™)).
In BD(Q; Sym*!(R™)) weak convergence is defined analogously by
u' — u strongly in L'(Q; Sym*(R™)) and Fu' = Eu weakly* in M(; Sym T (R™)).

It is immediate that || - |, pyv(Q.symt@m)) (tesP- || -l Bp(@;sym#(rm))) is lower-semicontinuous with
respect to weak convergence in BV (Q; Sym*(R™)) (resp. BD(£2; Sym*(R™))).

We finally come to an additional justification for the choice of the finite-dimensional norms || - ||e.
Recalling the definition of u(z)p from (2.3)), clearly [[u(-)g|lep = ||t]lep for @ = F, A,V and a rotation
matrix R. The next lemma and proposition show that also the norm of the gradient is invariant when
the domain Q = B := B(0, 1) (or any other ball) is rotated as well.

Lemma 2.1. Suppose u € L'(B;TF(R™)), and that ¢ € CX(B;TF1(R™)). Let R be a rotation
matriz on R™. Define u € L*(B; TF(R™)) by

uf(y) == [w(R™y)lr, (y € B)
and % € CX(B; TFY(R™)) analogously. Then
Du'(¢") = Du(y)

as well as
% ep = l@llep, (o= F,A Vi pe[L,00]). (2.7)
Moreover, if u is a symmetric tensor field, then so is u*
so is o, and we have

, and if @ is a symmetric tensor field, then

Eul(¢") = Bu(p).



Proof. That ugr (resp. p?) is symmetric whenever u (resp. ) is, is clear from the definition

uB(y)(c, ..., ex) = u(R™'y)(Rey, . .., Rey).

Observe then similarly to the proof of Proposition that (Agp-1,Cr-1) = (A,C) for A,C €
T*(R™). Thus we may now calculate for y € B that

(" (y), div e (y)) = ([w" (y)] g1, [div " (1) 1)

= u(y) (R epy, - R ep, )(div o™ (y)) (R ey, ., R ep,)
pe{l,...,m}¥

= Z u(R_ly)(epl, s Epy) ( Z (epos Vy [‘P(R_ly)(Repoa Eprs--es 6Pk)]>)
pe{l,...,m}k po=1

= > B e ) (D (Repy, VIo() (Repgs s )J(R ')
pe{l,...,m}¥ po=1

= Z u(R_ly)(eplv"'vepk)(Z<6povv[50(')(€poaep17"‘vepk)](R_ly»)
pe{l,...m}¥ po=1

= Z U(R_1y>(ep17 -5 epy) (div ‘P(R_ly))(eplv s €py) = <u(R_1y)7 diVSD(R_ly»'
pe{l,...,m}*

In the next-to-last step we have employed the fact that for any matrix A € 72(R™), the trace
tr A :=),(ci, Ac;) is invariant of the orthonormal basis ¢y, ..., ¢, of R™. Thus

Duf(e") = [ (). div " () dy
= /B<U(R1y), divp(R™y)) dy = /B<u<y),diw(y)> dy = Du(p).
Analogously, when ¢ and then ¢ is symmetric, we get

Eu(p") = Eu(y).

Finally, [|o(R7'9)|lep = [e(R7 Y)]rllep = [[¢T(y)]le, due to the rotational invariance of the finite-
dimensional norm || - ||s, shown in Proposition Thus (2.7) can be seen to hold. Indeed,

= sup (R~ 'y)[le = sup [lo(y)lle =
yeB ye

o= [ IR Dleds = [ Teledn = ol

Proposition 2.3. Let u € BV(B; Sym*(R™)) (resp. u € BD(B; Sym*(R™)) ). Given a rotation matriz
R on R™, and a choice ¢ = F, A,V of the norm, we then have

and

™l epy (P E[1,00)). a

IDuR o aaerirgmy) = [1Dulle pgszs@m))

(resp. | Bu ||y piqiriri@myy = | Eulle peritigmy) )-

Proof. Immediate consequence of Lemma O
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Figure 1: Illustration of the rotational invariance |Du®|x M®273®R2)) = DUl p ot (273 (R2)) -

Remark 2.2. To every tensor A € 72(R?), there corresponds an ellipse, with major and minor
axes with magnitude and direction corresponding to the eigenvalues and eigenvectors of A. What the
proposition above roughly says, is that the norms of the gradients don’t change when we rotate the
image consisting of these ellipses; see Figure [1| for an illustration. That is, it is not sufficient to rotate
the domain or the tensors alone to obtain invariance, they both have to be rotated.

Remark 2.3. As the final remark of this section, we note that it can be argued that from the point
of view of general theory, the space

BV(% THR™)) = {u € L' (G THR™)) | sup,cyp01 Dulp) < oo}
is a more natural one than BV (£2; Sym”*(R™)). Indeed, in the former case neither u nor Du is restricted
to have symmetric values, while in the latter u alone is. The symmetrised derivative Fu, by contrast,
has symmetric values, so the restricting u € BD(Q; Sym”*(R™)) to have symmetric values, can be argued
to be very natural. In our forthcoming applications we are, however, interested in symmetric tensors,
so our results above are stated for BV (€; Sym*(R™)). They nevertheless hold for BV (Q; 7%(R™)) and
the analogously defined BD(Q; 7#(R™)) as well.

3. Regularisation of tensor fields

We now begin the study of regularisation models for tensor fields. We concentrate on models in the
class (1.1)), reminiscent of the Rudin-Osher-Fatemi (ROF) regularisation model for scalar fields. We
therefore begin by recalling this model.

3.1. For recollection: TV and ROF for scalar fields

Let Q2 C R™ be a domain and u € L'(2). We write the total variation of u as

TV(u) := sup/ u(z) div o(z) dr = || Dul| pm(0),
eV JQ

where

Vi={p e CZ(&GR™) | [[¢lloo <1}
Given a regularisation parameter a > 0, the ROF regularisation of f € L'(Q2) is then given by the
solution 4 of the problem

. 1
i) I iz + TV



3.2. Total variation and ROF for tensor fields

We now extend ROF to tensor fields. Given a domain Q C R™ and u € L'(Q; T*(R™)), we write

TV(u) := sup /(u(x),div e(x)) dz = || Dul| ppq(irr+1 (mmY) -
PEVihs 74

Here we recall the defining equation ({2.6]) of

Vids = {p € CRBTIR™) | [lllpeo < 1)

Observe that we bound ¢ pointwise by the Frobenius norm. The reason for this is that we desire
the rotation-invariance detailed in Proposition Alternatively we could take the largest or smallest
reasonable cross-norm, but these norms are computationally demanding for tensors of degree greater
than two; compare to the related tensor decompositions in [26]. In our application ¢(x) has degree
three, so we concentrate on the Frobenius norm.

For a > 0, a positive semi-definite ROF-type regularisation of f € L'(Q; Sym*(R™)) is now given
by the problem
1
min ~|If — ul|% g + aTV(u). (P-TV)
0<u€L! (QSym* (Rm)) 2 ’

Although derived by other means, and superficially different, it turns out that the “component-based
regularisation” of [30] for ¥ = /-, is very similar to . The difference is that the former lacks
the positive semi-definiteness constraint. If the data f is positive semi-definite, then the constraint
can indeed be shown to be superfluous, and the two problems equivalent.

Denoting by

0, x€A,
oalw) = {oo g A

the indicator function of a set A in the sense of convex analysis, and particularly by

5-(1) 0, w(z) is positive semi-definite for a.e. x € €,
>o(U) = .
- oo, otherwise,

the indicator function of the pointwise positive semi-definite cone, the problem (P-TV]) may also be
given the saddle-point formulation

1 2
min max —|f—u + 0>0(u) + (u, K*¢o)—0 ) S-TV
ue L (QSym* (™)) @ECéX’(Q;T’““(R’"))(Q I =l + 0z0(u) - {u, K70) =0qy1(0) (5-TV)
where K*¢ := —div ¢, and the indicator function ¢ _,x+1 takes the role of the constraint ¢ € aVlffﬁsl

F,ns

on the dual variable in the definition of TV (u). The conjugate-like notation K* will be justified in
Section {4 where we study the numerical solution of through the formulation .
3.3. Total deformation regularisation of tensor fields
We may also restrict ¢ to be symmetric, that is
p € Vil C Vi
yielding a symmetrised TV variant, called total deformation and defined as

TD(u) := sup /Q(u(w),div o(x))de = HEUHF,M(Q;Symk“(Rm))-

k41
<p€VF,s



With then readily arrive at the regularisation problem
1
min SIf = ullF + TD(u), (P-TD)
0<ue L (;Sym* (Rm)) 2 ’
and the equivalent saddle-point problem

1 2
min max —f—u + 0>0(u) + (u, K*p)—0 ) S-TD
ueLl(Q;Symk(Rm))WECSO(Q;Symk“(Rm))(Q”f IF2 = 0z0(w) + (. K7} aVﬁf(@D (S-TD)

where again K*¢ := —divy. The difference to (S-TV| is that ¢ is constrained to be symmetric.
Indeed, observe that a symmetric ¢(x) has significantly less degrees of freedom than a non-symmetric
one; in R?, for example, a generic (k + 1)-tensor requires 25! scalars to represent, while a symmetric

(k4 1)-tensor can be represented by k + 2 scalars. Already for k = 2 this translates to 8 versus 4. This
has an influence on numerical efficiency.

3.4. Second-order total generalised variation (TGV?) for tensor fields

Total generalised variation was introduced in [10] as a higher-order extension of TV. The application to
magnetic resonance imaging, in particular, is studied in [24], yielding improved results in comparison

to TV.

For a scalar field u € L*(Q), second-order TGV may according to [IT] [12] be written as the “differ-
entiation cascade”

TGV? u) 1= min al|Eu —w , myy + O|| Ew ) myYs 3.1
(ﬂ,a)() we Ll (Q:Sym! (R™)) [ HF,M(Q,syml(R )) Bl ”F,M(Q,Sym2(R )) (3.1)

where the parameters o, 3 > 0. Observe that Du = FEu for scalar fields v € LY(Q) = L' (Q; 79(R™)).

Remark 3.1. The reason for writing the parametrisation in the order (3, «) instead of («, (3), is that
the differentiation cascade formulation in some sense reverses the parameters in comparison to the
original dual-ball formulation

TGV% o) = sup{/

wdiv? pdz | o € G2 Sym*(R™), [vllroe < B, |divellre <af. (32)
Q

Remark 3.2 (A quick word aside on topology). It turns out that ||ul/;,1 + TV(u) and |jul/;1 +
TGV%ﬁ o) (u) are topologically equivalent norms [11, [12]. Geometrically they are very different however:

compare the unit balls for the 1, 2, and co norms on R2. For one, regularisation by TGV? tends to
avoid the stair-casing that TV exhibits [I0]. For another, the kernel of TGV? is larger, including the
so-called infinitesimal rigid displacements A = —A7T.

Readily the above definition extends to u € L'(Q;7%(R™)) as

2 — - _
TGV a)(u) = TG o SEP af|Eu — w| g yqsymt+1@my) T BIEW I gosymi+2@myy (3:3)

A positive semi-definite TGV2-regularisation of a tensor field f € L'(Q;Sym*(R™)) may now be
defined as a solution of

. 1
min SIf = ullfa + TGV o) (w). (P-TGV?)
0<u€Ll(Q;Sym* (Rm)) 2

This can be further written as the saddle-point problem

. 1 .
min Iggﬁxgllf — ulFa + 050(w) + ((u, w), K*(p, V) =Oypii(p) =0 Vﬁz(w)), (S-TGV?)

where the unknowns u € L'(Q; Sym*(R™)), w € L'(€; Sym* H(R™)), ¢ € C(; Sym* 1(R™)), and
Y € C(Q; SymF2(R™)), while the operator K* is defined by K*(¢,v) := (- div g, —p — div ).
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Remark 3.3. It is also possible to define “non-symmetric TGV?”, bearing similar differences to the
“symmetric TGV?” above, as TV bears to TD. We however do not do that, because it is computa-
tionally much heavier than symmetric TGV?, due to far greater degree of freedom. A numerical study
of the effects of symmetry versus non-symmetry will be provided by the comparison between TD and
TV.

3.5. Existence of solutions

We now show that the minimisation problems discussed above admit solutions, as stated by the
following theorem.

Theorem 3.1. Let Q C R™ be a bounded Lipschitz domain, k > 0, and f € L*(; T*(R™)). Then
(P-TV)) admits a solution 0 < 4 € BV(Q; Sym*(R™)), and (P-TD)), and (P-TGV?) admit solutions
0 < @ € BD(Q; Sym*(R™)).

Proof. The proof for (P-TV]) and (P-TD)) is quite standard; cf., e.g., [22]. Indeed, let {u’ > 0}2, C
L(€; Sym*(R™)) be a minimising sequence for (P-TD)). Observe that

1

Therefore, as in the case of scalar functions, we deduce that there exists a subsequence, unrelabelled,
and 0 < 4 € BD(Q; Sym®(R™)), such that u* — @ weakly in L?(€; 7%(R™)), and Eu’ = Eu weakly*
in M (£; Sym*+1(R™)). Lower-semicontinuity of || - | M(:8ymb+1 (rmyy and of || - || 2 now shows that
@ is a solution to (P-TD|).

The claim for (P-TV]) follows analogously in BV(£2; Sym*(R™)), with with Fu replaced by Du
above.

It remains to show the existence of a solution 0 < @& € BD(; Sym*(R™)), @ > 0, to (P-TGV?). As
in the scalar case k = 0, considered in [12], we need to show that for some ¢ > 0 it holds

c(llullpa + HE“HF,M(Q;symk+1(Rm))) < fullpn + TGV%ﬂ,a) (u), (u€ L'(QSym"*(R™)), (3.5)

and that TGV%B ) is lower-semicontinuous with respect to weak* convergence of Fu’ to Eu. These
results are contained in the following two lemmas. We let then {u’ > 0}2°, C L'(Q;Sym*(R™)) be

a minimising sequence for (P-TGV?). We want to show that (3.4) holds. Indeed, sup; ||u||F1 < oo
thanks to € being bounded and

sup || f — u'l|pa + TGV%ﬁ’a)(ui) < 00, (3.6)

the latter following from {u’} being a minimising sequence for (P-TGV?)). It now follows from ({3.5))
that sup; ||Eui||FM(Q-Symk+l(Rm)) < oo. This and (3.6]) lead to (3.4). The same arguments as above now

provide 0 < & € BD(Q; Sym*(R™)), and lower-semicontinuity establishes that it solves (P-TGV?). [

Lemma 3.1. Let Q@ C R™ be a bounded Lipschitz domain and k > 0. Then there exist constants
¢,C > 0, dependent on Q,k,m, such that for all uw € L*(Q; Sym®*(R™)) it holds

CHUHBD(Q;Symk(Rm)) < HUHFJ + TGV%ﬂ,a)(u) < CHUHBD(Q;Symk(Rm))' (37)
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Proof. The proof is a straightforward extension of the the equivalence proof for k = 0 in [12], employing
the tensor Sobolev-Korn estimates from [9]. Indeed, by definition

lullpa + TGV 0 (u) < [Jul

1+ ol Bu = wll g pysymi1 @my) + BI B aqosymb 2 @m))
for all w € L'(€; Sym* 1 (R™)), so setting w = 0 gives

lullra + TGVEs o) (w) < Jullmr + @l Bull g gsyme+ @myy < Clltllznosyms @)
for C' = max{1, a}. Thus the second inequality of (3.7)) holds.

For the first inequality of (3.7), we may assume that Eu € M(; Sym* 1 (R™)), since otherwise
[Bu — wl| p pg(symb+ @myy = oo for all w € LY(€; Sym* 1 (R™)), and the inequality holds trivially.
We want to show that there exists C; > 0 such that

1Bull & pqesym+1 @)y < C1(l[ullm1 + 1 Bu = @l g pgesym?+ (mm))) (3:8)

for every u € BD(Q;Sym*(R™)) and w € L'(Q;Sym*t(R™)) satisfying Fw = 0, i.e., w € ker E.
For the proof of the fact that E has a non-trivial finite-dimensional kernel, see [9]. Indeed, suppose
that does not hold. Then there exist sequences {u’}22, C BD(; Sym*(R™)) and {w'}, C
LY(Q; Sym* 1 (R™)) Nker E such that for i = 0,1,2,..., it holds

It follows that uw' — 0 strongly in L'(Q;Sym”*(R™)). Consequently Eu’ = 0 weakly* in the
space M (Q; Sym**1(R™)). Employing the first half of in the second, it moreover follows
that sup, ||@’||F1 < oo. Since ker E is finite-dimensional, we deduce that there exists a convergent
subsequence, unrelabelled, and @ € L'(€Q;Sym*T!(R™)) N ker E, such that @' — @ strongly in
LY(€; Sym*1(R™)). Tt hence follows from that Eu’ — w strongly in M(£; Sym*T1(R™)). But
Eu’ = 0, so w = 0. This means that ||Eui||F,M(Q;Symk+1(Rm)) — 0 in contradiction to (3.9). Hence

(3.8) holds.

Now we employ from [9] the following Sobolev-Korn estimate: there exists Cy > 0 such that for all
w € BD(£; Sym* 1 (R™)) there exists w € L'(Q; Sym ™ (R™)) Nker F satisfying

lw — w||F1 < Col| Ewl| g pgsymb+2 rmy)-

For this choice of @, we deduce the existence of C3 > 0 such that for all u € BD(Q; Sym*(R™)) and
w € LY(; Sym* 1 (R™)) it holds

HEU - u_)HF,M(Q;SykaFI(Rm)) S ”Eu B wHF»M(Q§Symk+1(Rm)) + Hw o QDHF’I
< Os(all Bu —wll g pq(isymt+1 )y + BB p pcisym+2(em) )

Employing this estimate in (3.8)) yields for some Cy > 0 the estimate

||“||BD(Q;symk(Rm)) < C4(H“| F1+ ol Bu — w”F,M(Q;symkH(Rm)) + /BHEw”F,M(Q;Symk"'Q(Rm)))7

which holds for all w € L'(Q; Sym* ™ (R™)) and u € BD(Q; Sym*(R™)). Hence the first inequality of
(3-7) holds with ¢ = C; " O

Lemma 3.2. Let QQ C R™ be a bounded Lipschitz domain and k > 0. Then the function

F(p) = weLl(Q;gleirll}m(Rm)) allp = wll g ag(oisymt+t ®@my) T BIEW| g pqsyme+2@m))

where p € M(; Sym*H(R™)), is lower-semicontinuous with respect to weak* convergence.
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Proof. Let ' = p weakly* in M(; Sym**1(R™)). Observe that by the Banach-Steinhaus theorem,
sup; ||MHF7M(Q;Symk+1(Rm)) < 00. Consequently also sup; F'(u') < oo.

We first establish that F(u') admits a minimiser @' € BD(€; Sym**(R™)). Indeed, let {17 1520 C
BD(Q; Sym*+1(R™)) be a minimising sequence for F(u?). The sequence is obviously bounded in
BD(Q; Sym**1(R™)). Thus [9, Theorem 4.17], establishes that there exists a subsequence, unrelabelled,
convergent strongly in L'(€; Sym**1(R™)) to some v € L'(€; Sym**!(R™)). A standard argument
(cf., e.g, [ Proposition 3.13]) establishes that Fv' = Fv weakly* in M(Q; Sym®t2(R™)). Finally,
lower-semicontinuity yields that @° := v minimises F'(u*).

Knowing that F(u') admits a minimiser for each i = 0,1,2,..., we now establish lower-
semicontinuity. Since sup; F(u') + [|4'[| 5, M(Q:Sym*+1 (Rm)) < 00, we deduce that

Sup ||wl”F71 + ”Ewi"F,M(Q;Symk+l(R"l)) < Q.
1

Hence {1}, converges weakly in BD(£; Sym*(R™)) to some @ € BD(Q; Sym*(R™)). By lower-
semicontinuity of norms we deduce that

F(p) < allp = 0l g pqasymt+1 @my) + BIED] g at(0;5yme+2 @my)

< lminfaflu’ =@ yqo;symir @) + BIED ] g atissymt+2@m)) = iminf F(u").

71— 00

This establishes the lower semicontinuity of F'. O

Remark 3.4. If we extended to the tensor case the equivalence proof [11l [12] of the differentiation
cascade formulation of TGV%@ ) and the original dual-ball formulation , then, following the
original proof in [10], we could almost trivially obtain lower-semicontinuity of TGV%& a) with respect
to convergence in LP. This would imply weak lower-semicontinuity in L', and could be used to replace
Lemma in the proof of Theorem The equivalence proof is, however, very long, and not our
focus here, so we do not provide the extension, and choose to work entirely with the differentiation
cascade formulation, that is more practical in the numerical methods of our choosing.

4. Algorithmic aspects

We now move on to discuss the algorithmic aspects of the solution of the regularisation problems
above. We do this through the saddle-point formulations.

4.1. Discretisation and the algorithm

The problems (S-TV)), (S-TD)), and (S-TGV~) are of the form
min max G(z) + (z, K*y)—F*(y)
z oy

for proper convex lower-semicontinuous G, F*. This suggests that the Chambolle-Pock algorithm
[14] could be applied. A problem with the original infinite-dimensional problems is, however, that
a (pre)conjugate of K* cannot easily be defined, as the spaces involved are not reflexive; in the case
of TV, in particular K* : C2°(€; T3(R™)) — C°(2; T2(R™)). In practise the algorithm is applied on
finite dimensional discretisations, however, and this problem does not surface when the discretisations
are chosen suitably. We choose to represent each tensor field f, u, w, ¢ and ¥ by values on an uniform
grid, and discretise K* by forward differences, yielding the operator Kj. We then take K} := (Kj)*
as the discrete conjugate of K.

Minding that G is uniformly convex, we may and do apply the accelerated version of the Chambolle-
Pock algorithm, stated below.
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Assumption 4.1. Consider the problem

minmax G(x) + (x, Kjy)—F*(y),
z y

where K : X — Y is a continuous linear operator between the finite-dimensional Hilbert-spaces X
and Y, and G : X — [0,+0o0] and F* : Y — [0,400] are proper, convex and lower-semicontinuous,
with F* the conjugate of a convex lower-semicontinuous function F. Assume, moreover, that G is
uniformly convex in the following sense: there exists v > 0 such that for any x € dom dG it holds

G2 — G(z) > (2,2 — x) + %H:r —2/||? forall z € 0G(z), 2’ € X.

Algorithm 4.1. Suppose Assumption is satisfied. Following [14], perform the steps:

1. Pick 79, 09 > 0 satisfying moo0|| Kp||? < 1, as well as (z%,4°) € X x Y. Set 2° = 20.

2. For i =0,1,2,..., repeat the following updates until a stopping criterion is satisfied.
Y= (I 4+ 0;0F*) 7 (y' + 0K, 3")
= (I +17,0G) 2 — Ky
0; == (1 + 2v7) Y2, 7iy1 1= i, 0441 == 0:/0;

i,i+1 = xiJrl + gi(xi+1 _ IL‘Z)

The resolvent operators that need to be calculated to obtain z+! and »**!, may be written

— vl
(I4+70G) () = argmin{HyH + G(y)}.

y 2T

The efficient realisation of Algorithm depends on the efficient realisation of these minimisation
problems. In our situation, it turns out that they reduce to easily calculable projections:

We begin by considering (S-TV]). First, for [*(p) = d_#+1(), the resolvent is
Fs

{Ilv — ¢ll%s

(I + cdF*)" (v) = argmin 5 + (5avﬁjl(g0)}.

P

This reduces to a pointwise projection

p(2) = P p<a(v(@)) = v(z) min{l, o/|lv(z)]|r} (4.1)

for all x € €. Secondly, we have

Glu) = Gofw) = 17 — ulfhy + dzo(u),

for which we solve

v(z) + flz)r

[(I+ T@GO)_l(v)](:L') = P20< T+

), (x € Q).

The projection P>( to the positive-definite cone can be performed by projecting each eigenvalue to
RT. (This can be seen from the structure of the normal cone N>¢(z’), spelled out in, e.g., [36, Lemma
3.1]. See also [27] for related eigenvalue projection results that are useful for dealing with the nuclear
and spectral norms.)

Regarding (S-TD)), still G = Gy, and also the resolvent

{HU-@H%,Q

(I + 0cdF*)"(v) = argmin 55 + 5aV§;S1 (cp)}

)
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has the same solution as in the case of .
It remains to consider the resolvents for . Minding that G(u,w) = Go(u), we find that
(I +79G) " (v,q) = (I + 70G0) ™ (v), q)-
Likewise, from the expression
F™(0,9) = 011 (9) + gy p+2(4),

we immediately deduce that
(I +00F* )" (v,q) = (p,9),

with the projection (4.1)) applied on ¢ and v separately; more precisely p(z) = Py r<a(v(z)) and
b(x) = Byyp<pla(@)).

4.2. Duality gap as stopping criterion

For (S-TV]) and (S-TD)) it poses no difficulty to calculate the duality gap

F(Kpu) + G(u) + G*(=Kp0) + F*(¢),

and to use the reduction of the duality gap beyond a certain threshold as a stopping criterion. Re-

garding (S-TGV?)), the variable w from the expression TGV?(u) = min,, o Fu — w|| + B||Fw|| does
not appear in G(u,w) = Go(u), yielding G*(a,b) = Gg(a) + d40y(b). The result is that in practise
G*(a,b) = oo in the algorithm, so the duality gap as such is not useful for a stopping criterion.

If we had an a priori bound M on ||| F1, at an optimal solution (4, @), then we could add the term
dpo,a) ([[wlF1) to G, resulting in practical G* and duality gap. It can be shown (see Proposition
in the Appendix) that such a bound indeed exists. Unfortunately, however, due to the nature of the
proof, we only know the existence, but not the exact magnitude.

Fortunately it turns out that we can also pick M a posteriori, because if M is large enough, it
vanishes in the Chambolle-Pock algorithm, and therefore, if the duality gap becomes infinite, we can
simply increase M, which is only used to calculate the duality gap/stoppmg cr11;er1on This suggests
to employ the following generic algorithm, where for TGV? we have 2* = (v, w’), ' = (¢%,¢?), and

U = {(u,w) € L*(; Sym*(R™)) x L*(Q; Sym* 1 (R™)) | ||w|F1 < 1}.

The idea is that we always decrease the duality gap of the modified problem, where G is replaced by
G(z) + dpu(x), for some M > 0, unknown a priori, by a given fraction p, chosen a priori.

Algorithm 4.2. Suppose Assumption holds, and that U C X has non-empty interior. In each
step of the Algorithm perform the following additional operations.

1. Pick p € (0,1) and My > 0. Define
Gz(l’) = G(a:) + 5M1U(1’)

2. Update the variables as in Algorithm with G = G;. Pick M;11 > M; large enough that
x € M;1E. Calculate the initial and current pseudo-duality gaps

ot = F(Kpa®) + Gia (2°) + Gia (= Kiy®) + F*(4°),
dz’—H — F(Khxi+1) +Gi+1( 2+1) +G1+1( i+1) +F*(yi+1).

If &' < pdi™, finish execution of the algorithm, with the solution (z'*!,y**1). Otherwise
continue iteration.
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4.3. Computations on 2D slices of 3D data

Our mathematical work on tensor fields above, in particular the definition (2.4) of the tensor diver-
gence, only applies to tensors fields f : Q@ — Sym” (R™), where the domain 2 C R™ has the same
dimension mn as the tensor parameters. Thus the semi-norm |[D f| . r((.gym#+1 mm)) IS also only defined
for tensor fields of this type. This limitation has the consequence that our regularisation models cannot
directly be applied to 2D slices of 3D diffusion tensor measurements f : Q — 72(R?) for Q C R2. We,
nevertheless, want to perform computations on such slices. There are two reasons for that. For one,
often (but not always) the resolution of DTI measurements in the z direction is so low, that no “true”
3D voxels exist. For example, an in-vivo brain measurement may have dimensions 128 x 128 x 32, con-
sisting essentially of 32 unconnected 128 x 128 slices. In fact, even in high-resolution data sets there
may be “slice gaps” in the data sets in order to reduce signal leakage. This means that, for example,
one slice is 2mm thick, then there is a Imm gap, and then another 2mm thick slice. The other reason
for wanting to perform computations on 2D slices is that 3D computations are much more demanding
of computational resources.

A discrete N x M x 1 data slice can, of course, be seen as a 3D volume. This view, however, introduces
the difficulty of defining the discretised differential in the z direction, there being no additional slices to
compare to. Simple forward or backward differences with zero boundary conditions — as is required from
the dual variable ¢ (and ) — would give as the differential —¢ or +¢, while central differences would
give the vastly different differential 0. What we choose to do, is to simply choose the differential in
the z direction as zero, irrespective of any discrete differentiation scheme. This approach is consistent
with the measurement voxels having low resolution in the z direction in comparison to the z and
y directions: If we were to subdivide the low-resolution voxels in the z direction into L parts, the
N x M x L problem would then for optimal solutions have essentially zero differentials on the central
slices in the z direction, and therefore split into distinct N x M x 1 sub-problems.

In summary, when we have a N x M x 1 slice of 3D tensors, we perform calculations otherwise as
if we had a full 3D volume of data, but calculate the differentials only in the z and y directions.

5. Numerical results

We will now numerically study the performance of the different regularisation models on a synthetic
test data, as well as an in-vivo brain measurement. We first discuss how the results are reported,
followed by the construction of the synthetic test data. We then detail how the computational algorithm
is parametrised, and finally represent and analyse the results.

5.1. Error measures

We would like to have a numerical value for the quality of the solution, compared to noise-free test
data. An obvious candidate is, of course, the Frobenius-L? norm

dr(f,u) == |f —ullre.

This distance is, however, difficult to interpret in geometric terms directly related to f and u. Therefore
we introduce three other error measures that measure different geometrical aspects of the tensors.

As the first geometrical error measure we have the L? norm

da(f,u) = [FAf = FAu[ 20
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of the differences of the fractional anisotropies, defined by

PAe) = (S, 0= 02) (2 2) el e )

where Ai1,..., A\, are the eigenvalues of u(z), and A = 7", X\;/m. The second geometrical error
measure is the L? norm

dr(fou) = [[Au = Mllz20)

of the differences of the principal eigenvalues A, (z) of u(z) and f(z). As the final geometrical error
measure we take the L? norm

dy(f,u) = lIxv (1 = [(0u; 0) )l L2(0)

of the differences of the normalised principal eigenvectors v, (z) of u(z) and f(z). (We also have the
expression dy(f,u) = min 2||xy (dn £ 9¢)| r2(Qrm) if the minimum is taken pointwise over the sign.)
Since for a fully isotropic tensor the direction of the principal eigenvector is completely undetermined,
being able to lie anywhere on the unit sphere, it is not meaningful to compare the principal eigenvectors
of such tensors. We therefore employ

U:={ze€Q|FA,(x)>0.01 or FAf(x) > 0.01}
in the above expression to filter out such points.

The distance d) measures the error in the size of the tensors, i.e., the lengths of the principal axes
of the corresponding ellipsoids. The distance d, measures the error in the directions of the principal
axes, and, finally, d 4 measures the error in the shape of the ellipsoids.

5.2. Visualisation

The visualisation of tensor images, each point consisting of multiple values, is not trivial, and the
choice of visualisation highly affects what we can learn. The most obvious approach (for 2D slices) is
to plot the ellipses or ellipsoids corresponding to the tensor, but in practise such a visualisation is very
difficult to read except for very small images. Fractional anisotropy, as a scalar quantity, can easily be
studied, and provides useful information, but is not sufficient by itself. Superimposing the principal
eigenvector on the fractional anisotropy is a relatively common means of visualisation, but can also
become difficult to read for high-resolution data.

Colour-coding of different tensor quantities is another common means of visualisation. This is what
we have chosen to principally use in the present paper, as suitable colour-coding allows to easily observe
differences between the different regularisation models. Particularly, for plotting the computational
results and source data, we have chosen to use as a basis the standard coding (cf. [33]) of mapping the
(x, y, z) components of the 3D principal eigenvector (z = 0 for 2D data) directly to the (red, green, blue)
channels of the RGB colour model. Additionally, to increase the information available in the plots, we
have modulated this unit vector by a function of the fractional anisotropy. Namely, we have

RGB = v, - min{1,FA, + 1/3}.

The effect of the nonlinearities in the fractional anisotropy modulation is to stop features of interest
in highly isotropic areas from disappearing, while still making them significantly darker than highly
anisotropic areas. Explanatory plots of this colour-coding are included in Figure [2[ (2D) and Figure
(3D).

It turns out, however, that analysing the error between the original noise-free data fy and the
computational result w is more useful for comparing the different computational models. Following,
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e.g., [2], we plot the angle 6 = cos™!({dy,9s,)) between the principal eigenvectors of f; and u, using
the “jet” colour map of Matlab, spanning from blue through cyan and yellow to red. This coding does
not yet describe errors epa = |FA, — FAy | in reconstruction of fractional anisotropy, and therefore
we have chosen to plot that as well, using shades of grey, so that the resulting RGB (red, green, blue)
value of an image pixel is the componentwise maximum of the two colours,

RGB = max{jet(min{1,260/7}), min{1, epa /0.15}}.

The minimum expressions serve to compress the colours for high errors. A clarifying plot of the colour-
coding is included in Figures [3] and

5.3. Synthetic data

Our noise-free synthetic test data consists of a 128 x 128 image of Sym?(R?) tensors, divided into four
smaller rectangles each having a tensor field with different properties; Figure 2| contains an illustration.

In the rectangle (65,128) x (65,128) we have the constant tensors

e =" o]

(We avoid the identity tensor due to ambiguity of a principal eigenvector.) This region is in the kernel
of both differential operators D and E. Next there is a smaller lower-left rectangle (1,64) x (1,64)
consisting of an affine tensor field

folx,y) = I +0.005 <[(1) ﬂ (x—1)+ [:f _01] (y — 1)) .

In this region Efy = 0 but Dfy # 0. Then, we have the upper-left rectangle (1,64) x (65,128) that

has an affine tensor field
10 0 0

In this region both Dfy # 0 and E fy # 0. Finally, in the lower-right rectangle (65,128) x (1,64), we
have the non-linear tensor field

34 0] 1o Te—65\ [0 —1] . (ma—65
fO(””’y)_R‘”[o 1/2]R$’ By = {o 1]“’5(2 61 )Tt o™ \37e )
3/4 0
0 1/2

rotating the tensor { } by an angle between [0, 7/2] as the z-coordinate varies.

5.4. The Stejskal-Tanner equation and Rician noise

A diffusion tensor D € Sym?(R?) at a given voxel of a diffusion tensor image produced through DWI
measurements is governed by the Stejskal-Tanner equation

Ap = Apexp(—b: D). (5.1)

Here the b matrix parametrises a diffusion gradient, while Ay is the DWI measurement corresponding
to this diffusion gradient, and b : D := ZZ ; bij Dij. At least K > 6 independent non-zero diffusion
gradients are needed to solve D by regression from the measurements {Ag, Ay, ..., Ayx }; see, e.g., [§].

The noise in the DWI measurements A is Rician; see, e.g., [20]. We wish to apply the same noise
model on our synthetic test data as well. By choosing the b-matrices suitably, we can extract each
individual component of D, and therefore apply Rician noise on each component separately

ZN?ij = log(ricernd(exp(D;;), o)),
where o parametrises the Rice distribution, and ricernd applies random Rician noise. To the synthetic
noise-free test data fy, we apply Rician noise with the parameter ¢ = 0.05, yielding the noisy test
data f.
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5.5. The evaluated models

We evaluate the models (P-TDJ), (P-TV|), and (P-TGV? ), applying algorithm Algorithm to solve
each of them, as discussed in the preceding sections. Moreover, we study the Pennec-like regularisation

5, 6, 9]

1
m>1£1 5” log f — logul|* + o TV (log u). (P-logTV)
u>

In practise this is implemented by taking @ = exp % where 9 solves min, 1|/ log f —v||?> 4+ @TV(v). This
can be calculated with Algorithm again, just like normal TV, but without the positive-definiteness
constraint. However, we have the minor problem that log f(z) = > ", \i(v; ® v;) has complex values
when f(x) is not positive definite, i.e, has a non-positive eigenvalue );. In principle we could calculate
the distance |log f(z) — logu(x)| in the complex sense. But, by the theory of log-Euclidean metrics,
the boundary of the positive-definite cone should be infinitely far from any positive-definite tensor.
Therefore, in practise, when such data occurs, we replace \; by a small positive number € > 0 for the
calculation of log f(z).

For each evaluated model we pick Algorithm as the numerical method. As the stopping criterion
we use the normalised duality gap p = 0.001, and additionally limit the number of iterations to at
most 5000. The initial iterates are always 20 = 0, y° = 0.

For (P-TGV?)) we take 7o = o9 = 0.95/+/L}, where L} = (16 + h? + vh* + 32h2)/(2h?) is a bound
on the squared norm ||K; |3 of the discretisation K of K*(p, ) := (—div ¢, —¢ —divi)) on a grid of
cell width h (for domains © C R?!). At each iteration we update M;i1 == [|[w™™| p1.

For (P-TV)), (P-TD)), and (P-logTV]) we take, likewise, 79 = o9 = 0.95/+/L1, where this time
Ly, = 8/h? bounds ||V||% on a grid of cell width h on domains Q C R?; see [13].

5.6. Results on synthetic data

The results of running the algorithms described above on the synthetic test data with Rician noise of
parameter ¢ = 0.05 are depicted in Figure 2] and the errors maps in Figure [3| Denoting the maximal
eigenvalue of the test data fo by p ~ 2.3, and setting ap = 0.15, the figure depicts the result of solving,

as described above, (P-TGV?), (P-TD)), and (P-TV)) for the parameters (8, a) = (10, 1)agp (left half

of the figure) and (3, ) = (0.6,0.4)cpp (right half). For (P-logTV|) we use oo = a|log pu| (left half)
and a = 0.4ay|log u| (right half). The scaling by |log x| instead of p is a heuristic choice that seems

to provide results more comparable to the other models than the same parameter. The parameter
choice (3,a) = (0.6,0.4)agu for TGV? is a heuristic to compare the model against TD and TV with
a = app = (0.6 + 0.4)app; the results for TD and TV for o = 0.4apu are also provided as a further
comparison.

Our principal observations are the following. Firstly, in the top-left region, where u belongs to
(ker E)€, TGV? well restores the diagonal line between the red and green-coloured regions, especially
for the smaller parameters (right half of the figure), while TD is a bit blurry at the ends. TV and logTV
display an S-shape: the diagonal bends downwards on the right and upwards on the left. Especially
this is true for the larger parameters (left half of the figure). We, however, note that the fact that this
shape can be seen is a result of sharp discontinuities in our visualisation; if the principal eigenvector
were modulated by the fractional anisotropy directly, i.e., if 9, FA, were plotted, this S-shape could
not be seen, as on the diagonal the tensors are fully isotropic, and the region around the diagonal
would blend to black without the jump. What happens in our test data across the diagonal is that the
principal eigenvector switches from pointing horizontally to pointing vertically. It appears that TGV?
restores such extremely sensitive differences better than the other regularisation models. Studying
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Figure 2: Results for the synthetic test data fp with Rician noise applied (f).

Figure [3| we observe that the reconstruction error is also noisy around the diagonal for the first-order
models.

Secondly, in the top-right region, where u belongs to ker D, we observe, by contrast, that TGV? and
TD, both employing the symmetrised differential, are worse at restoring the flatness of this region, the
results containing more blots of different colours than TV and logTV, employing the full differential.
However, TGV? and TD restore the direction of the principal eigenvector better than TV and logTV,
there being more shades of red in the visualisation of Figure [2| (blue in Figure [3) in this region,
matching fo.

In the bottom-left region, where u belongs to ker E'\ ker D, the differences between TGV? and TD
are again minor; studying Figure 3] we see that TD exhibits slightly less errors in fractional anisotropy
along the interface to the top-left region. This interface is also restored poorly by TV, while logTV
generally fails to restore fractional anisotropy well.

Finally, in the nonlinear bottom-right region, we observe stair-casing in the error plot of Figure
for all other models except TGV?2. Fractional anisotropy is again restored poorly by logTV. Still
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Figure 3: Error plots of computational results and noisy test data f in comparison to the noise-free
synthetic test data fy.

regarding fractional anisotropy, we observe that TGV? performs better than TD in this region; TD
however achieves overall lower error d4 (superimposed on Figure |2)) in the fractional anisotropy.

Concerning iteration counts (also superimposed on Figure , we observe TGV? for the large param-
eter value has required 7 times as much iterations as the other models, and for the smaller parameter
also 1.5 times as many. It however provides consistently some of the best values for the error measures
dr and d) (again superimposed on Figure , while it is beaten by TD on d4 and d,. This indicates
that although TD suffers from the aforementioned blurring on the diagonal on the small scale, on the
large scale, in the sense of the L? norm, it restores the direction of the principal eigenvector better
than TGV2. The principal eigenvalue, by contrast, is restored best by logTV and TGV?, as seen from
the values of dy. Minding that log-Euclidean metrics should avoid the swelling of the tensors (non-
linear interpolation of the determinant), good dy for logTV should also be matched by good d4. For
the larger parameter value this is the case. For the smaller parameter, by contrast, the error d4 is
approximately three times as large as for the other models, while at the same time d) is significantly
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smaller than what is achieved by the other models.

Studying the error measures we also observe that the parameter-sum heuristic «(TGV)+8(TGV) =
a(TD) for TGV? versus TD seems to be at least equally reasonable as choosing the same «a for both
models and a large 3: the results for TGV? in the right half of the figure are comparable to TD (and
TV) in the left half of the figure.

5.7. In-vivo brain measurement

Finally, we apply the regularisation models to a clinical in-vivo diffusion tensor image of a human
brain. The measurements for our test data set were performed on a clinical 3T system (Siemens
Magnetom TIM Trio, Erlangen, Germany), using a 32 channel head coil. Written informed consent
was obtained from all volunteers before the examination. A 2D diffusion weighted single shot EPI
sequence with diffusion sensitising gradients applied in 12 independent directions (b = 1000s/mm?)
and an additional reference scan without diffusion was used with the following sequence parameters:
TR = 7900ms, TE = 94ms, flip angle 90°, matrix size 128 x 128, 60 slices with a slice thickness of
2mm, in plane resolution 1.95mm x 1.95mm, 4 averages, GRAPPA acceleration factor 2. Prior to the
reconstruction of the diffusion tensor, eddy current correction was performed with FSL [31].

In addition to the models (P-TD)), (P-TV)), (P-TGV? ), and (P-logTV|), we evaluate for comparison

the more conventional approach of denoising each DWI image separately [I]. Following [25], we per-
form this by total variation regularisation, i.e., solving for k = 0 by Algorithm for each of
the DWI measurements. The reported iteration count for this regularisation model, denoted DWITYV,
will be the maximum over the different DWI measurements. Since in the present data set there are
four averages of 12 independent diffusion gradients, plus the zero gradient, this amounts to 52 different
DWI measurements. The regularisation parameter for this model is chosen as a = ag || meany A ||z (),
where A, € L'(Q) is the signal corresponding to the diffusion gradient b. This choice appears approx-
imately comparable to the other methods, and the rule is almost analogous; the replacement of mean
by maximum would in principle be closer, but in practise yields too high parameters due to noise.
Although a simplistic choice — to do complete justice to all the methods, we should in some sense
find the optimal parameters for all of them — by studying all the different choices of o and o, we are
nevertheless able to observe some differences in the models without too serious injustice.

For reasons of visualisational and computational practicality, we perform computations only on a
single slice of the data set. The data fj is thus a 128 x 128 image of Sym?(R?) tensors, to which the
considerations in Subsection apply. As the data set is of relatively high fidelity, we are justified in
applying some additional Rician noise. This is performed for both the parameters o = 10 (“low-noise
case”) and o = 50 (“high-noise case”) on the original DWI measurements, before the diffusion tensors
are solved from the Stejskal-Tanner equation .

The parameters a and § for (P-TD)), (P-TV)), (P-TGV? ), and (P-logTV]), are chosen analogously

to the test case with synthetic data, however, for the present data the maximal eigenvalue p = 0.0042,
and we choose the “base regularisation parameter” «g = 0.05 for the low-noise case and ag = 0.15 for
the high-noise case.

The computational results for the low-noise case are presented in Figure [4 and the error maps in
Figure [5] The results for the high-noise case are presented in Figure [6] and the error maps in Figure
The results have been zoomed-in on the area (16,112) x (16, 112), and points where the average DWI
signal intensity is less than 10% of the mean over the whole image, have been mask out. Additionally,
for the high-noise case, we include in Figure [8| a plot of the fractional anisotropy superimposed with
the projections of the principal eigenvectors to the (z,y)-plane, for region (55,73) x (74,92) of the
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Figure 4: Results for the in-vivo brain data fp with additional Rician noise (f) of parameter o = 10.

data, containing the corpus callosum; the region is marked with a rectangle in Figure [6] For the low-
noise case this plot is not included, because any differences between most of the methods are hard to
observe.

We first study the low-noise case. From Figure [4] it is difficult to observe any significant differences
between the models, except that TGV? requires significantly more iterations to reach the target
normalised duality gap than the other models. Nevertheless, all the models manage to remove the
additional Rician noise to some degree: The error measures (superimposed on Figure {4f) compared
to f are reduced significantly by all models, with the exception of the error d, in the directions of
the principal eigenvectors. In contrast to the situation with the synthetic data, where TGV? had
consistently the best values for the error measures (superimposed on Figure 4)) in comparison to TV,
TD, and TGV?, this time TV appears to perform the best of these four models. Clearly, however,
DWITYV, i.e., individual denoising of the DWI data, has the best error scores, with one exception:
the error in fractional anisotropy for the smaller regularisation parameter is significantly higher than
for the other models — we shall return to this topic. Next we observe that logTV performs somewhat
worse than the other models here. The larger parameter (left half of the figure) can be argued to
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Figure 5: Error plots of computational results and the test data f with additional Rician noise (o = 10)
in comparison to the in-vivo brain data f.

over-regularise. That is however not necessarily the case, we argue, for the smaller parameter (right
half). There d4 and d, for logTV are comparable to the other models, but d) and consequently also
dp significantly worse. It therefore appears that logTV does not restore the magnitude of the tensors
so well; this can to a degree be confirmed by studying principal eigenvector plots of zoomed-in regions.

More interesting information is provided by the error plot in Figure [5| Regarding the error in the
direction of principal eigenvector, plotted with colours, we observe no significant difference between
the models. However, from the areas of white we learn that for large parameter values (left half), the
fractional anisotropy is not restored so well as well as for small parameter values (right half). This can
be argued to be a case of slight over-regularisation. Nevertheless, we observe that for both parameter
choices, and especially the larger one, TGV? and TD perform the best at restoring the fractional
anisotropy — which we already observed for synthetic data — and also have smaller differences between
the larger and smaller parameter choices. This indicates that these models (both using the symmetrised
differential) are less sensitive towards parameter choice than TV and logTV. DWITV can again be
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rectangle.

seen to restore fractional anisotropy especially poorly, also for the larger parameter. In comparison
to f, we observe that for the larger parameter values, all the models introduce significant errors to
fractional anisotropy, where there originally was none, and only TGV? and TD obviously reduce the
errors elsewhere (areas of dark blue at the top left of the brain). For the smaller parameter value,
similar conclusions hold, but the differences are not so easy to detect by visual observation.

Based on the observations above, our choice of regularisation model for low-noise and large parameter
would be DWITV, and for small parameter it would be TD or TGV?2.

We now turn to the high-noise case, for which the computational results are depicted in Figure [6]
Here the reconstruction by all the models is already significantly poorer than the original image fo,
but we clearly observe that logTV is clearly out of the game, introducing large errors in fractional
anisotropy, that are visually observable already from this result plot. However, with regard to the
fractional anisotropy error measure d4, DWITV performs even worse. TV has this time the best
fractional anisotropy reconstruction by error measure, with TD and TGV? not far behind. However,
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Figure 7: Error plots of computational results and the test data f with additional Rician noise (o = 50)
in comparison to the in-vivo brain data f.

observing the error plot in Figure [7| clearly the roles are reversed for the larger parameter value (left
half), and TD and TGV? perform the best. For the smaller parameter value (right half), it is not
possible to conclusively say that this would be the case.

Studying the zoomed-in Figure we confirm the errors that logTV introduces in fractional
anisotropy. For the smaller regularisation parameter (right half) we note none of the the models
except logTV manage to well reconstruct the directions of the principal eigenvectors. The largest er-
rors are, however, in the area of low anisotropy, which is reflected in the fact that d, (superimposed on
Figure @ is comparable for all the models. For the larger regularisation parameter (left half), logTV
seems to be over-regularising the directions, while TV has apparently the best reconstruction of the
principal eigenvectors here. Also, although logTV had in general large errors in fractional anisotropy,
in this region it is, in the sense of overall brightness, much closer to fy than the other models.

Let us now summarise our findings from Figures [6] [7] and [§] By visual inspection alone, for the
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o = 50.

larger regularisation parameter (left half of the figures), all TGV?2, TD, and DWITV clearly provide a
reasonable approximation of the noise-free data fy, minding the extremely noisy data f. logTV has the
aforementioned problems with fractional anisotropy, while TV seems to over-regularise, although some
of the errors are smallest among all the models. Minding that DWITV has large errors in fractional
anisotropy, our choice of model would again be TD or TGV?. For the smaller parameter value, not all
noise is removed by any of the models. TV seems to provide the least noisy result by visual inspection,
and also has the smallest values for many of the error measures. It would therefore be our choice.

6. Some final remarks and outlook

From our numerical studies, we conclude that TGV? and TD regularisations appear to be very reason-
able novel approaches for the denoising of diffusion tensors. While DWITV or TV sometimes perform
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better, at least by some of the measures, TGV? and TD perform consistently good. DWITV, in par-
ticular, suffers from errors in fractional anisotropy. We had expected logTV to perform better than
it does. Naturally, as already remarked, it is difficult to choose the regularisation parameters such
that complete justice is done to all the methods. Possibly some of the problems are also due to the
processing, as discussed in Subsection of negative eigenvalues in the noisy data, which the model
does not directly allow.

Regarding computational effort, TD requires less iterations of Algorithm than TGV?. It is also
per iteration the lightest of all the models, with the caveat that DWITV is not directly comparable,
iteration cost depending on the amount of DWI data. Indeed, TGV? has for 2D data 16 = 3+4+4+5
(u, @, w, 1) and for 3D data 42 = 6 + 10 + 10 4+ 16 parameters per pixel, while TD has 7 =3 + 4 (u,
) parameters per pixel for 2D data, and 16 = 6 + 10 parameters for 3D data. TV also has 11 = 3+ 8
(u, non-symmetric ¢) parameters per pixel for 2D data and 33 = 6 + 27 for 3D data — not much less
than TGV?2.

An obvious philosophical defect in all our regularisation models, except the direct regularisation
of the individual DWI data, is that we are already losing critical information by reconstruction the
tensors by linear regression through the Stejskal-Tanner equation before regularisation. But indi-
vidual denoising of the DWI data for each diffusion gradient also introduces the problem of matching
the regularisations of each signal — consider the case of a small shift in the data. In principle eddy
current correction removes such matching errors, but may not do it completely, and ideally even eddy
current correction would indeed be part of an overall regularisation model from signal to DTI. Future
work will therefore be directed towards the integration of direct tensor regularisation in an extended
reconstruction model that allows direct reconstruction of the diffusion tensors from raw MR data. The
main advantage of such an approach is that it also allows to correct errors due to phase variations
that arise from head motion or unavoidable brain pulsations, and to include additional coil-sensitivity
information during the reconstruction [7, [3] [35].
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A. L' bounds for TGV? regularisation

Proposition A.1. Let Q C R™ be a bounded Lipschitz domain. Suppose f € L*(;T*(R™)), and let
@ € BD(Q; Sym*(R™)) and w € BD(Q; Sym 1 (R™)) obtain the minimum in the problem (P-TGV?),
that is

L 1
(@, W) = arg min §||f - UH%Q + al[Bu — wHF,M(Q;symkH(Rm)) + ﬁHEw||F,M(Q;Symk+2(Rm))' (A.1)

(u,w)
Then there exists a constant C = C(Q, k,m,a, 3) < 0o, such that

lallpa+ [@llmy < CUSflr2 + 1 £1lF2)-
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Proof. By Lemma, there exists a constant Cy < oo, dependent on €2, k, m, such that
el 1 + 1Bl ppgersym+ @y < Colllull i + TGV ()], (u € BD(; Sym* (R™))).

Setting u = 0, w = 0 in (A.1]), we get

*Ilf Hf—UIIF2+TGV? (@) < (A.2)
whence
IIEUIIFM syt @) < Colllall pa + TGVE o (@)] < Colllallm + [1f172]-
y (R™)) (B,a)
The estimate and the boundedness of 2 also give
lallra < £7() 2 Jillpz < £™Y2(f = alpz + 1l r2) < 272 flIr2

This gives the desired bound on ||@| f 1, and the two preceding estimates together give

VBl gyt myy < Co[2E™ (Y21l + 1£13)- (A.3)

Setting w = 0 and w = @ in (A.1]) gives

o||Ed — wHF,M(Q;Sym’““(Rm)) + /8||Ew||F,M(Q;Symk+2(Rm)) < O‘HEQHF,M(Q;SymkH(Rm))’

whence

||1Z)HF71 S ”E'I:L — wHF,M(Q;Sykarl(Rm)) + ||Eﬂ||F,M(Q,Symk+1(Rm)) S 2||Eﬂ”F,M(Q;Symk+1(Rm))'

Recalling (A.3)), we obtain for w the desired bound

o)l p1 < 2Co [2£™ ()2 fll 2 + 11 fll2] -

This concludes the proof. ]
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