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Figure 15: Spatio-temporal atlas constructed with the proposed groupwise approach.
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Figure 16: Qualitative comparison of mean T2w image at 40 weeks of (a) atlas created by

Kuklisova-Murgasova et al. (2011) from 142 preterm-born neonates using Log-Euclidean

mean of affine transformations with constant kernel width of 2 weeks, (b) atlas created by

Serag et al. (2012a) from 204 preterm-born neonates using arithmetic mean of pairwise

FFDs with adaptive kernel widths, (c) our pairwise atlas constructed from 275 term-born

neonates using the Log-Euclidean mean of SVFFDs also with adaptive kernel widths, and

(d) the atlas constructed from the same brain images using our groupwise approach.

4. Discussion

In this work, we have proposed a new iterative method for the construc-

tion of a spatio-temporal atlas of neonatal brain morphology with markedly

increased anatomical detail when compared to neonatal brain atlases that

were made publicly available before2. This new approach is compared to our

previously proposed techniques based on mean deformations derived from

weighted spatial mappings between all unique pairs of acquired brain images

(Serag et al., 2012a; Schuh et al., 2014). Moreover, similar to the fetal at-

las construction of Gholipour et al. (2017), which extended the single-time

2http://brain-development.org/brain-atlases/
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point SyGN approach to a spatio-temporal model using the adaptive tempo-

ral kernel regression used by Serag et al. (2012a), we show that an individual

refinement of discrete time points, by means of registering the brain images

to each respective template brain image separately, may introduce implau-

sible temporal inconsistencies. The atlas constructed with our groupwise

technique does not suffer from these temporal inconsistencies.

For the comparison of the iterative approaches, we used our SVFFD algo-

rithm instead of the greedy SyN method utilised by Gholipour et al. (2017)

for several reasons. First, our main goal was to demonstrate the temporal in-

consistencies that may be introduced by independent non-linear registrations

to different time points due to the highly non-convex nature of the energy

functions. Secondly, although SyN (Avants et al., 2008) has been demon-

strated to be among the best performing deformable registration methods

(Klein et al., 2009; Ou et al., 2014), the greedy optimisation can only pro-

vide us with the final displacement field and its inverse, instead of a (non-

stationary) velocity field, unless the intermediate instantaneous velocity fields

were to be recorded. A mean diffeomorphism corresponding to the average

velocity fields can thus not be computed. The properties of a velocity-based

parametrisation are hereby traded in for a more efficient registration, which

does not require the costly space-time optimisation of LDDMM (Beg et al.,

2005). A further drawback of a greedy optimisation, even when the interme-

diate update fields are preserved, is that it may lead to a suboptimal flow of

diffeomorphisms in terms of the deviation from the shortest path connecting

the identity mapping from the final deformation along the manifold of dif-

feomorphisms. When defining a mean deformation based on these velocity
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fields, a deformation corresponding to a longer path contributes more to the

mean shape deformation than a flow that follows the geodesic. Finally, al-

though SyN is a greedy method, it has an average runtime of several hours3.

For comparison, our SVFFD algorithm has an average multi-threaded run-

time of 8–15 min when executed on a machine with 8 CPU cores, and the

result is a SVF based on which a mean diffeomorphism can be computed.

It is worthwhile to note that in order to increase the sharpness of the

constructed mean images, the Laplacian sharpening implemented in the In-

sight Segmentation and Registration Toolkit (ITK)4 (Yoo, 2004) is applied.

We noticed that this filter is used by the SyGN implementation in ANTs,

on which the results presented by Gholipour et al. (2017) are based, and

therefore adopted this post-processing step. Note also that the same edge

sharpening has been done for all atlases compared in this work, except for

the publicly available atlas templates shown in figures 16a and 16b.

5. Conclusions

We have proposed two approaches for the construction of a spatio-temporal

atlas of the developing human brain based on the unbiased SVFFD algo-

rithm. Our first approach, presented in Schuh et al. (2014), improved upon

an earlier method developed by Serag et al. (2012a). Unlike the initial tech-

nique using the FFD algorithm (Rueckert et al., 1999) implemented in IRTK

and arithmetic mean of displacements (Seghers et al., 2004), we utilised the

SVFFD algorithm and Log-Euclidean mean of SVFs (Arsigny et al., 2006).

3An average runtime of ten hours is reported in Tustison and Avants (2013).
4https://itk.org/
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This preserves the topology of the brain anatomies and ensures inverse con-

sistency of the computed spatial mappings. Using MIRTK for both pairwise

methods, we demonstrated slight improvements in cortical entropy measures

using the SVFFD algorithm. A disadvantage of these approaches is, however,

the quadratic computational complexity with respect to the number of brain

images. A conceptual limitation is the reliance on accurate pairwise corre-

spondences. We thus proposed a new groupwise method, which demonstrates

better temporal consistency when compared to other spatio-temporal exten-

sions of iterative methods (Gholipour et al., 2017), and results in average

brain shape and intensity images with significantly more cortical details.

We conclude with a remark by Sled and Nossin-Manor (2013), that an

inherent difficulty in brain atlas formation is the normal variability among

individuals, and the uncertainty of the PMA. In time, these are mitigated

by larger datasets acquired shortly after birth. The acquisition and public

dissemination of more than a thousand high-quality brain MR images of

the developing brain from 20 to 44 weeks PMA is the goal of the dHCP.

The method presented in this work facilitates the construction of a spatio-

temporal atlas of brain morphology from this and other large datasets.

An open source implementation of the SVFFD algorithm and our atlas

construction methods are publicly available as part of MIRTK5. The atlases

constructed from the dHCP cohort will be publicly available for download

from https://data.developingconnectome.org.

5https://biomedia.doc.ic.ac.uk/software/mirtk/
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Appendix A. Cubic B-spline parametrisation of SVF

The SVF, whose parameters are optimised by the SVFFD algorithm, is

v(x) =
3∑

l,m,n=0

wl(x̃1)wm(x̃2)wn(x̃3)c{(i1+l)+N1((i2+m)+N2 (i3+n)} (A.1)

with coefficient vectors ci ∈ R3. The local coordinates of x ∈ Ω ⊂ R3 with

respect to the control point lattice of size N1N2N3 are given by a rotationR ∈

R3×3, translation d ∈ R3, and anisotropic scaling by factors corresponding

to the uniform spacing δd of control points along the d-th axis of the lattice,

i.e., x̂ = diag(δ1, δ2, δ3)−1Rx+d. The coordinates of x relative to the edges

of the cell of the lattice that it is contained in are then given by x̃ = x̂−bx̂c,

and i = bx̂c − 1 is the multi-index of the “leftmost” control point with non-

zero weight. The weights wl(x̃i) are defined in terms of the polynomials Bi

of the cubic B-spline function with knots at -2, -1, 0, 1, and 2. These are

derived using Cox-de Boor’s recursion formula (de Boor, 2001), i.e.,

w0(x̃i) = B3(x̃i + 1) w1(x̃i) = B2(x̃i + 0)

w2(x̃i) = B1(x̃i − 1) w3(x̃i) = B0(x̃i − 2)
(A.2)
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where

B0(r) = (r + 2)3 / 6

B1(r) =
(
−3r3 − 6r2 + 4

)
/ 6

B2(r) =
(
3r3 − 6r2 + 4

)
/ 6

B3(r) = (2− r)3 / 6

(A.3)

Appendix B. Iterative pairwise affine registration

The affine transformation A
(k)
ij is obtained by registering the j-th to the

i-th image after application of the previous mean transformations, i.e., by

registering the images Ii◦
(
A

(k−1)
i

)−1

and Ij◦
(
A

(k−1)
j

)−1

. The blurring effect

caused by interpolation, when resampling the images in the reference space,

is avoided through composition with the transformations Bi ∈ R4×4, which

map each image sampling space to the common world space. Specifically,

the map relating a sampling point x̂i ∈ R3 in the space of the i-th image,

with axes parallel to the sampling grid and scaled according to the image

resolution, to its corresponding point x̂j in the j-th image is given by(
x̂Tj 1

)T
= B−1

j

(
A

(k−1)
j

)−1

A
(k)
ij A

(k−1)
i Bi

(
x̂Ti 1

)T
=
(
A

(k−1)
j Bj

)−1
A

(k)
ij

(
A

(k−1)
i Bi

) (
x̂Ti 1

)T
=
(
C

(k−1)
j

)−1

A
(k)
ij C

(k−1)
i

(
x̂Ti 1

)T
(B.1)

Registering images with pre-transformations A
(k−1)
{i,j} is thus equivalent to reg-

istering images with the composite image to world maps denoted by C
(k−1)
{i,j} .

The registrations at the k-th iteration find the affine mappings A
(k)
ij that

maximise the NMI of each image pair.
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