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Abstract

We created a volumetric template of the marmoset (Callithrix jacchus) brain, which enables localization of the cortical areas
defined in the Paxinos et al. (The marmoset brain in stereotaxic coordinates. Elsevier Academic Press, Cambridge, 2012) mar-
moset brain atlas, as well as seven broader cortical regions (occipital, temporal, parietal, prefrontal, motor, limbic, insular),
different brain compartments (white matter, gray matter, cerebro-spinal fluid including ventricular spaces), and various other
structures (brain stem, cerebellum, olfactory bulb, hippocampus). The template was designed from 7';-weighted MR images
acquired using a 3 T MRI scanner. It was based on a single fully segmented marmoset brain image, which was transported
onto the mean of 13 adult marmoset brain images using a diffeomorphic strategy that fully preserves the brain topology. In
addition, we offer an automatic segmentation pipeline which fully exploits the proposed template. The segmentation pipe-
line was quantitatively assessed by comparing the results of manual and automated segmentations. An associated program,
written in Python, can be used from a command-line interface, or used interactively as a module of the 3DSlicer software.
This program can be applied to the analysis of multimodal images, to map specific cortical areas in lesions or to define the
seeds for further tractography analyses.
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Introduction explore mechanisms of human normal and abnormal behav-

ior (see, e.g., Mansouri et al. 2017).

The brains of non-human primates (NHP) show impor-
tant neuroanatomical similarities with the human brain,
particularly in terms of the composition of cortical areas.
These structural homologies, which are less obvious in
other species of mammal commonly used in laboratories
(e.g., rodents), translate into neurophysiological and cogni-
tive characteristics which are essential in animal models to
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The common marmoset (Callithrix jacchus) is a new
world monkey which is being increasingly used in a large
variety of studies, and more specifically in neuroscience
(Marx 2016; Miller et al. 2016; Mitchell and Leopold 2015;
Okano and Mitra 2015; Okano et al. 2016; Prins et al. 2017).
Relative to the more commonly used old world macaque
monkeys, marmosets offer advantages related to their small
sizes, relatively rapid reproductive cycle, development and
maturation, and the fact that the genome has been fully
mapped, which facilitates the production of transgenic line-
ages (Marmoset Genome Sequencing and Analysis Consor-
tium 2014; Sasaki 2015; Tomioka et al. 2017). They share
fundamental features of brain architecture with humans
(Bakola et al. 2015; Ghahremani et al. 2016; Hashikawa
et al. 2015; Paxinos et al. 2012; Solomon and Rosa 2014)
and specific cognitive functions (Burkart and Finkenwirth
2015; Nummela et al. 2017; Spinelli et al. 2004; Takemoto
et al. 2015). Moreover, the marmoset brain has a lissen-
cephalic cortex, which shows relatively little individual

@ Springer


http://orcid.org/0000-0001-6326-4044
http://crossmark.crossref.org/dialog/?doi=10.1007/s00429-019-01869-x&domain=pdf
https://doi.org/10.1007/s00429-019-01869-x

Brain Structure and Function

anatomical variability. This greatly simplifies the imple-
mentation of imaging and computational methodologies
(Majka et al. 2016) and also facilitates the longitudinal study
of cohorts of individuals using non-invasive imaging tech-
niques (Sawiak et al. 2018). Such longitudinal studies can
provide a direct basis of comparison with human studies that
use the same techniques (Amlien et al. 2016). In addition,
preliminary routine brain imaging is also useful for ensuring
lack of brain anomalies in animals destined for other types
of investigations (Sadoun et al. 2015; Tu et al. 2014). Thus,
NMR-based techniques (MRI, fMRI, MR spectroscopy) and
molecular imaging (SPECT, PET) methods are being devel-
oped to provide data on the marmoset brain anatomy and
metabolic activity, including the structure of the tissue and
the distribution of neurochemicals (Belcher et al. 2016; Bock
et al. 2009; Converse et al. 2012; Garea-Rodriguez et al.
2012; Meyer et al. 2006; Silva 2017; Yokoyama et al. 2010).

The creation of marmoset brain atlases over the last
decade has been an important enabling step, which in turn
makes possible studies involving the detection of anatomi-
cal changes in specific structures, as well as the localization
of functional processes and biochemical properties. Several
atlases of the marmoset brain have been published based on
histology (Palazzi and Bordier 2008; Paxinos et al. 2012;
Senoo et al. 2015; Stephan et al. 1980), and three atlases
have used a combination of histology and MRI (Newman
et al. 2009; Woodward et al. 2018; Yuasa et al. 2010). Sev-
eral of the previous atlases only provide a very coarse sub-
division of the cortex, using landmarks such as sulci, which
are not generally sufficient to reliably identify cortical areas.
This limitation is particularly important when considering
regions such as the frontal cortex, where many small areas
are present in a complex mosaic (Bakola et al. 2015; Burman
et al. 2006, 2007; Fuster 2001; Preuss and Goldman-Rakic
1991; Yeterian et al. 2012). Because such cortical areas
contribute to many of the high-order cognitive processes
that are key to the evolutionary process of primate brains
(Fuster 2002; Gebhard et al. 1995; Mansouri et al. 2017;
Suzuki et al. 2015), defining their location and variability
is essential.

The marmoset cerebral cortex has been analyzed using
neurochemical markers, connectivity tracers, electrophysi-
ological recordings and functional MRI (e.g.(Bourne and
Rosa 2006; Burman et al. 2006, 2011, 2014, 2015; Krubitzer
and Kaas 1990; Lui et al. 2006; Toarmino et al. 2017), and
(Majka et al. 2016; Paxinos et al. 2012) for summaries). This
offers the possibility to localize cortical areas on marmo-
set MRI-imaged brains to provide a ‘3D cortical area atlas’
(Hashikawa et al. 2015; Woodward et al. 2018). Here, we
provide a new template of the marmoset brain with a rep-
resentation of the cortical areas and segmentations of brain
structures. This template (which, to distinguish from others,
we will refer to as the IMPEC template, from the name of
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the CerCo team that initiated the work) is obtained by a
semi-automatic segmentation of an adult marmoset brain
imaged with a clinical 3 T magnet. To represent an average
template, the original segmented marmoset brain image and
its segmentations were transported to the Karcher mean of
representative marmoset brain images using the diffeomor-
phic framework of (Fiot et al. 2014; Vialard et al. 2012b).
The resulting average template can then be considered as
the center of gravity of the representative brain images, as
detailed in (Fiot et al. 2014; Vialard et al. 2012b).

We additionally describe a user-friendly tool for the semi-
automatic registration of brain regions and cortical areas
on any marmoset brain MRI, based on our template and
on the atlas from (Paxinos et al. 2012). These registration
results can serve for segmentation purpose. This tool was
developed in Python with SimpleITK (http://www.simpleitk.
org/) and can either be launched using command lines or as
a fully integrated module for the program Slicer (Fedorov
et al. 2012). The IMPEC marmoset brain template and the
segmentation pipeline in Python are freely available on
sourceforge at the address https://sourceforge.net/projects/
impecbrainseg/.

Methods
Subjects

Male and female adult marmoset monkeys (C. jacchus)
were bred in CerCo (agreement B31 555 01 from Haute
Garonne Prefecture, France). All experimental procedures
were conform to Directive 2010/63/EU and were carried
out according to the National Committee for Ethical Reflec-
tion on Animal Testing. The project received the regional
(MP/03/76/11/12) and the governmental authorizations from
the MENESR (project 05215.03).

Animals were housed in pairs or small groups and main-
tained in a 12:12 h light—dark cycle. Food and water were
withdrawn from the cages in the morning preceding the
imaging session. All imaging sessions were conducted in
the afternoons, between 1 and 5 pm. During these sessions
(typically 45-60 min), the animals were anesthetized with
Alphaxalone (i.m., 1.85 ml/kg Alfaxan, 10 mg/ml, Jurox,
Worcestershire, UK). Peripheral oxygen saturation (SpO,),
heart and respiratory rates were constantly monitored during
the image acquisition.

Marmosets reach maturity by 18—-24 months of age, pro-
duce offspring by 2-3 years and reach old age by 7-8 years
of age (Abbott et al. 2003; Missler et al. 1992, 1993a, b;
Tardif et al. 2003). The brains of 30 monkeys were scanned,
among which 13 (8 males and 5 females) were selected on
the basis of having the best image qualities (Table 1). The
brain template was designed from 12 healthy young adult
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Table 1 List of marmosets used

for IMPEC marmoset brain Marmoset identity Age Sex Weight (g) Acquisition (coil)

template 3287676 4 years 21 days Male 325 Wrist coil
3287662 4 years 5 months 29 days Male 357 Wrist coil
3287663 4 years 2 months 26 days Male 316 Wrist coil
3287665 4 years 7 months 14 days Female 379 Wrist coil
3287697 4 years 27 days Male 278 Wrist coil
3287723 4 years 27 days Male 336 Wrist coil
3287746 3 years 11 months 28 days Female 280 Wrist coil
3592043 4 years 1 month 9 days Female 349 Wrist coil
3592124 3 years 10 months 17 days Female 398 Wrist coil
3592143 3 years 5 months 7 days Male 368 Wrist coil
3592189 3 years 10 months 6 days Female 352 Wrist coil
3696327 3 years 9 months 11 days Male 343 Wrist coil
1853 6 years 14 days Male 364 Knee coil (acql k)
1853 6 years 1 month 25 days Male 364 Wrist coil (acqlw)
1853 8 years 3 months 17 days Male 347 Wrist coil (acq2w)

monkeys (340 +36 g, 3.4-4.6 years old). One of these twelve
animals (3287676, 4 years old male) was used for both man-
ual and automatic segmentations. To evaluate our pipeline
stability as a function of the acquisition protocol on the same
subject, the thirteenth marmoset (monkey 1853) was imaged
in the same scanner with a wrist coil and a knee coil at the
age of 6 years (acqlw and acqlk), 1 month apart. The same
animal was then imaged at the age of 8 years (acq2w) with
the wrist coil (Tables 1, 2).

MRI acquisition

Magnetic resonance imaging (MRI) experiments were per-
formed using a 3-T clinical scanner (Achieva; Philips, Best,
The Netherlands) located in the Purpan Hospital, Toulouse,
France (INSERM UMR 1214). The monkeys were placed in
a supine position. High-resolution anatomical images were
acquired using a 3-D T;-weighted sequence with an antero-
posterior (AP) encoding direction. The sagittal plane was
chosen to avoid foldover effects.

The brain template was constructed from images obtained
with an 8-channel receiving human wrist coil (6.5 cm inter-
nal diameter). The knee coil we used for acqlk in animal
1853 was an 8-channel receiving human knee coil with
14 cm internal diameter.

Template construction

In this section, we explain how the IMPEC marmoset brain
template was constructed. The template contains an averaged
T,-weighted (T|-W) MR image of marmoset brain, as well
as manually segmented brain structures and estimated cor-
tical areas. This information can be automatically mapped
to other marmoset brains (see “Automatic segmentation of
marmoset brain images”) to non-invasively estimate the
location of cortical areas. More specifically, the template:

1. Provides an efficient tool to rapidly segment marmoset
brain structures. Segmentations can also be made more
accurate by post-processing, for example using them

Table 2 Summary of the different acquisition conditions with a 3 T scanner

Wrist coil
(monkey 1853_acq2w)

Knee coil
(monkey 1853_acqlk)

Wrist coil
(template + monkey 1853_acqlw)

Reconstructed voxel (mm) 0.3x0.3x0.3

Field of view (mm) FH: 105, AP: 74.8, RL: 33.9
Number of slices 113

TR/TE (ms) 13/5.4

Flip angle 8

Number of signal averages 8

Scan duration (min) 48

0.35%0.35%0.35 0.4x0.4%x0.4

FH: 100, AP: 70.8, RL: 39.9 FH: 155, AP: 108.7, RL: 40
114 100

11/4.7 or 12/5.3 12/5.2

8 8

7Tor6 9

42 or 36 48

FH foot-head, AP antero-posterior, RL right-left axis, 7R repetition time, TE echo time

@ Springer



Brain Structure and Function

as inputs in Bayesian segmentation frameworks such
as those implemented in SPM (Ashburner and Friston
2005), where no priors are available for marmosets; and

2. Enables an estimation of cortical area location in mar-
moset brain images, typically to analyze functional or
anatomical-functional data obtained from fMRI or
molecular imaging.

The original Paxinos et al. atlas gives coordinates of
cortical areas in terms of the classical stereotaxic space
coordinates (that is, the horizontal plane is defined as
linking the interaural and infraorbital lines), and the same
system has been adopted by Woodward et al. (2018). In
contrast, many other recent MRI-based 3D templates use
the anterior commissure—posterior commissure (AC-PC)
line to define the horizontal plane (e.g., (Calabrese et al.
2015)). From our experience in marmoset brain MR imag-
ing, we observed that AC-PC plane and interaural plane
are parallel. We chose intra-cerebral planes to set the ster-
eotaxic space of the IMPEC template: the plane through
the midline of the left and right hemispheres as the sag-
ittal plane, the AC-PC plane as the horizontal plane,
and the plane orthogonal to the horizontal plane passing
through the center of the anterior commissure as the coro-
nal plane. The marmoset AC center could be more eas-
ily visualized at 3 T than the PC, and for this reason we
adopted the AC as the zero point of the antero-posterior
axis of the IMPEC template. The position of any point,
when navigating in the cortex with 3DSlicer, is given as
a distance in millimeters from this origin in the three
directions (antero-posterior, right-left, infero-superior).

Figure 1 summarizes the inputs and outputs of our tem-
plate definition pipeline, details of which are given below.

Average marmoset brain

The variability in the spatial configuration of adult mar-
moset brains, including the number, location and depth of
sulci across subjects, is far less than that observed in adult
humans, or even macaque monkeys. As a result, probabil-
istic template definitions, which are standard for humans
(Evans et al. 2012), are not necessarily pertinent. This led
us to adopt a simplified template definition strategy where
a manual segmentation was carefully performed on a single
typical brain and then projected to an average brain shape
using the diffeomorphic strategy (Fiot et al. 2014; Vialard
et al. 2012b).

The segmented marmoset brain A;;, was chosen among
all the 7,-W MR images for being close to average in terms
of size, and for having one of the best image qualities (case
3287676). The age of this male marmoset was 4 years at
the time of acquisition, and the image had a resolution of
0.35x%0.35%x0.35 mm per voxel (details are given in “Sub-
jects”). To make A,,;, mathematically averaged, it was
deformed towards the Karcher mean (Karcher 1977) of 11
other brain images acquired on marmosets having a similar
age (around 4 years, between 3.4 and 4.6 years; Table 1).
The main advantages of this method are that it fully pre-
serves the topology of the brain structures, and that it only
induces a minor smoothing of the transported shape com-
pared with the original one, due to image resampling using
only one displacement field.

In practice, this iterative method was performed as fol-
lows: we denoted A, as the average image at the current
iteration and /,, n in [1, ...,11], the 11 other brain images.
We initiated A, as equal to the empirically selected average
brain A;;,. Diffeomorphic registration of A, on the different
images I, was then performed using the method of (Vialard
et al. 2012a), with a Gaussian kernel of 3 mm, which

Thirteen TIW MRI Histological slices
images - /
n - HP:

X

Cortical areas of H
of [Paxinos et al 2012] <~— Pax

Segmented GM of H,

- R - G
Pax Pax

- Output 1: Average image -

i Output 2: Brain structures (GM. ...)

T1 s

REF Vo REF

Fig. 1 Inputs and outputs of the template definition pipeline. The ref-
erence image T'lygp is the diffeomorphic average of eleven 7,-W MRI
marmoset brain images. The segmentation of its different structures
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resulted in 11 initial momenta M,,. For a given kernel and a
moving image (here A_,), an initial momentum was a scalar
field that fully encoded the invertible displacement field that
matched the moving image and the fixed image (here 7).
Initial momenta have interesting mathematical properties:
in particular, the average deformation to project A, towards
the average shape of the 7, is the one encoded by the mean
initial momentum M, = mean(M,, ..., M,;). We then pro-
jected A, using the average displacement field M, and
considered this transformed image as A, at the next itera-
tion. Resampling an image has the property to smooth its
boundaries. In order to avoid over-smoothing A iteration
after iteration, we use the following strategy: The image A
is actually modeled as the deformation of A ; through a dif-
feomorphism @, (i.e. A, =A,,; 0 (P.,) ). Ateach itera-
tion, we denote ¢4 the deformation of A, with M. The
whole deformation @, is then updated by being composed
with @4 (i.e. Py = Py 0 @yq)- The image A, is finally
updated using a single resampling using the relation A_,,
= Ay 0 (D,)"". As shown in (Vialard et al. 2012b), when
the shapes are sufficiently regular, this process converges
after a few iterations; this was the case here, given the fact
that marmoset brains are lissencephalic. When computing
the average shape, negligible deformations were observed
after five iterations only, and a maximal deformation of
1.07 mm was obtained. We denote ¢y, the whole deforma-
tion, which corresponds to @, at the end of the algorithm,
and Tlggr = A, 0 (¢y,)” " the reference marmoset brain
image obtained at the algorithm convergence.

cur

Brain structures

In the proposed template, reference brain structures were
manually segmented in the marmoset brain image A, ;. Fine
manual segmentation was performed using the Gimp 2.8.10
software (https://www.gimp.org/) after a first coarse seg-
mentation performed using the active contour segmentation
algorithm (Yushkevich et al. 2006; Zhu and Yuille 1996)
of ITK-Snap (http://www.itksnap.org/). Manual segmenta-
tion of the gray matter (GM), white matter (WM) and intra-
cerebral (ventricules) plus subarachnoid space (CSF) of A,
was performed slice by slice on coronal planes on 7;-W MR
images from the 4-year-old marmoset (case 3287676). The
quality of the segmentation was also carefully checked on
both axial and sagittal planes with MRICron software.

In addition to these classic cerebral compartments, we
also segmented the brain stem, the cerebellum and the olfac-
tory bulb. We finally partially segmented the hippocampus
focusing our attention on the middle and anterior parts of the
hippocampus where this structure can be accurately deline-
ated given that it is boarded ventrally and laterally by white
matter, and dorsally by the lateral ventricle. On the rostral
part, this region is limited by a coronal plane situated just

behind the pituitary stalk. The caudal part of this region is
limited by a plane passing through the interpeduncular fossa.

Subcortical structures which can be identified, but not
clearly delineated in the images obtained with a 3 T scanner,
were not included in the manual segmentation step.

Volume reconstruction of the segmented slices was per-
formed using the Convert3D tool distributed with ITK-Snap.
Projection of the segmentation onto 71y was finally per-
formed using the deformation ¢, with nearest neighbor
interpolation. In what follows, Sygr refers to the segmenta-
tion of T1xgp.

Cortical areas

In addition to Sggp, we estimated the different cortical area
locations of T1ige. The goal of these area locations is to
make it simple to quantify how likely different voxels of
other marmoset brains are to belong to specific cortical
areas, based on atlas propagation. We denote R;EF the loca-
tion of cortical area i in T1lggp, i in [1, 230]. For instance,
RlleF(x) equals 1 means that point x of T1ggp is in the first
cortical area of Online Appendix 1 (i.e., in the cortical area
A10), and Rllzm:(x) equals 0 means that x is outside this area.
This information is also summarized in the mask Ry that
contains the most likely indices i of all points x of T1ggg.
To build the RQEF, our initial material was the informa-
tion defined on the left hemisphere of a 3.2-year-old female
marmoset proposed by Paxinos et al. (2012). We used the
freely distributed pdf version, available from http://www.
marmosetbrain.org/reference, with agreement from the
authors. The cortical areas in this individual were thor-
oughly segmented using histological slices having a resolu-
tion of 0.04 X 0.04 mm and sampled on the frontal axis every
0.5 mm. These histological slices were recomposed as a 3D
image Hp,, using the 3D Brain Atlas Reconstructor soft-
ware (Majka et al. 2012) and made available online via the
3D Brain Atlas Reconstructor website [(Majka et al. 2013),
http://3dbars.org] as well as the Scalable Brain Atlas (SBA)
website [(Bakker et al. 2015), https://scalablebrainatlas.incf.
org/]. Segmentation of the gray matter in this 3D volume,
which we denote Gyp,,, is distributed on the SBA website.
One hundred and fifteen cortical areas (Rp,,) are also dis-
tinguished at the gray matter outer surface of this image.
We first symmetrized the segmented gray matter Gp,, to
mimic a gray level segmentation in the two hemispheres.
The resulting segmentation in the two hemispheres was
then mapped to the manually segmented gray matter of
A, manual rigid alignment was performed before the
non-rigid registration of the segmented images using the
LogDemons registration algorithm (Vercauteren et al. 2008)
implemented in uTIlzreg (https://sourceforge.net/projects/
utilzreg/). Twelve manually selected landmarks, mainly cor-
responding to locations within sulci, were used to accurately
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register the sulci where the contrast was not sufficient in the
segmented images. These steps were performed in the image
domain of A;;, and resulted in a deformation ¢p,, which was
used hereafter to transport the cortical areas of Paxinos et al.
(2012) into the image domain of A;;,.

We now explain how the cortical areas Rp,, were trans-

ported into the reference image domain. We first propa-
gated the cortical areas labels Rp,, from the outer surface
of the gray matter to its volume, i.e., to all voxels of Gp,,
labeled as within the gray matter. Each of these voxels
received the nearest known cortical area label at the cortex
surface, using Euclidian distances. The resulting label map
was then symmetrized with the same properties as those
used for Gp,,, as described in the previous paragraph. The
original cortical areas have the same label as in Rp,, and
the symmetrized areas have the label of Rp,, plus 115
(from 116 to 230). This symmetric labels map was finally
transported to the reference image domain of T'1ypp using
the deformation (¢y,,) ™' 0 (¢p,,) "' i.e., the deformation
used to project the labels to A;,;, and then T1ggp, with near-
est neighbor interpolation. We denote Rypp the resulting
label map of reference cortical areas.
We emphasize that the R;EF do not represent the corti-
cal areas of Tlygg but rather their estimates. The regis-
tration ¢p,, was computed using images representing the
segmented cortex, although the spatial distribution of the
cortical areas is likely to be variable from one marmoset
to another (Majka et al. 2016). An ongoing study reveals
that variability exists but that areas tend to maintain their
spatial relationship to each other, and to gross anatomi-
cal landmarks such as sulci and main folds as the dorsal
midline (P. Majka and M. G. P. Rosa, unpublished obser-
vations). Besides, delineations of another marmoset’s cor-
tex reached similar conclusions regarding the location and
proportional size of the areas (Hashikawa et al. 2015).
Moreover, the original cortical areas were symmetrized;
although they may not be purely symmetric, experience
from histological parcellation of a larger sample of indi-
viduals (available from marmosetbrain.org) suggests that
this factor may be negligible (MGP Rosa, unpublished
observations). To account for spatial uncertainty in the
R;EF, the cortical areas were then independently smoothed
using Gaussian kernel convolution with a standard devia-
tion of 1 mm. This level of smoothing was empirically
determined based on providing a good tradeoff between
too much- and not enough blurring of the original seg-
mented cortical areas. This resulted in the different R;EF,
iin [1, 230].

Note that, to provide a more global view of the different
cortical regions in our template, we additionally propose
groupings of areas into larger ensembles, such as occipital,
temporal, parietal, limbic, insular, and frontal, the last one
being composed of prefrontal and motor sub-regions (see
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Online Appendix 1, colors have been arbitrarily chosen for
the cortical regions).

Finally, the information contained in the Rl . was
summarized in the mask Rypp that contains the most
likely indices i of all points x of T1lggp. To do so,
we simply build Rygp using the following formula:

Rper(®) = argmaxiR;EF(x).
Automatic segmentation of marmoset brain images
Overview

In addition to the segmented brain structures and cortical
areas/regions, we provide a segmentation pipeline that auto-
matically projects the information Sggp, Rgpp and Ry . from
the reference image domain 71y to any given tested 7,-W
MR image I1gp of the marmoset brain. The segmentation
pipeline was based on an atlas propagation strategy that
fully exploits the segmented template described in “Tem-
plate construction”. The transported brain structures Spgp
are a coarse segmentation of /gy, Which can be used directly
for most applications. They can also be conveniently used
as priors in a Bayesian segmentation strategy such as the
one of SPM (Ashburner and Friston 2005). As mentioned
in “Results”, the transported cortical areas/regions map Rpgp
can be directly considered as the segmentation of /¢y corti-
cal areas/regions. To additionally reflect the spatial uncer-
tainty of the structure boundaries, the user can also use the
blurred maps of Ri.

Our segmentation pipeline was coded in Python with
as few dependencies as possible, all of them being freely
available online. Specifically, the dependencies were (1) the
Numpy library, which is ubiquitously used for numerical
mathematics under Python, and (2) the SimpleITK library
(http://www.simpleitk.org/), which can load and save most
image formats used in neuroimaging under Python and
which proposes pre-compiled parallel algorithms in C++
for biomedical image registration and segmentation among
others.

Our pipeline can be run in a command-line environment
using, e.g., the freely available Python distribution Ana-
conda (https://www.continuum.io/downloads). The results
shown were obtained using the default Python distribution
of Linux Ubuntu 16.04. The command-line pipeline also
successfully worked using Anaconda under Windows and
Mac OS X. When using the command-line environment,
we recommend ITK-Snap (http://www.itksnap.org/) for
image visualization. User instructions are given in Online
Appendix 2.

To make our script more user-friendly, we also fully
integrated it as a Slicer module (https://www.slicer.org/)
(Fedorov et al. 2012). The slicer interface is illustrated on
Fig. 2. Slicer is an open-source software for medical image
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Please use fidudals to define the landmarks.

Landmarks list: | Template_7idmks

Output deformed: | Template_T1

Landmark based registration only

Image segmentation

v Data Probe: C:/Data/SOFTWARE/Impecé...lateAtas-Scene.mrml

| Red (R7.3,P0.9,58.4) AxalSp:0.3

L All_Regions (84, 29, 43) V1(65)
F All_GroupRegions (84, 29, 43) Occipital R (5)
8 Template_T1 (84, 29, 43) 141.46701

Fig.2 Overview of the Slicer interface. The ImpecBrainSeg widget that allows to parameterize and to launch the computations is on the left.

Image and results visualization in 2D or 3D is made on the right

processing and three-dimensional visualization. An interest-
ing aspect of Slicer is that it can be extended with Python
modules giving access to many of its functionalities without
recompiling the whole software and its dependencies. It was
then relatively straightforward to incorporate the command-
line pipeline into Slicer. For the end user, using Slicer has
also the advantage that landmarks definition, image seg-
mentation and results visualization can be made in the same
environment without executing any command line. Installa-
tion is also simple as Python and SimplelTK are integrated
to Slicer binaries for Windows, Mac and Linux. As for the
command-line interface, user instructions for Slicer are
given in Online Appendix 2.

Technical details

Coarse rigid registration of T1ggg to Ipgy is first per-
formed as follows: the script automatically aligns manu-
ally defined landmarks of I;gp on those of T1ggp. Land-
marks definition is developed in “Landmarks selection”.

The filter LandmarkBasedTransformlnitializerFilter
of SimplelTK is used for this purpose. Accurate rigid
registration is then performed using the ImageRegistra-
tionMethod of SimplelTK with ANTSNeighborhoodCor-
relation as a similarity metric. Non-rigid registration
is finally performed using the registration algorithm of
ImageRegistrationMethod for displacement field again
with ANTSNeighborhoodCorrelation as a similarity
metric (Avants et al. 2011). Deformation regularization
is relatively close to what would be done in a Demons
registration algorithm (Thirion 1998) with a fluid and a
diffusion regularization of 9 mm and 1 mm, respectively.
The segmentation pipeline is summarized in Fig. 3.

Note that we recommend performing bias field correction
on Irgr before registering the reference information to its
domain. To achieve this, the N4BiasFieldCorrection strategy
of SimplelTK (Tustison et al. 2010), which is also available
as a Slicer module, can be used.

@ Springer
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Fig. 3 Pipeline used to project the template information on a test image /. The reference image Tlygy is first aligned and registered on Irgr.
The estimated information is then used to project the structures’ segmentation Sggr and the estimated cortical areas Ry and Ry, i in [1, 230]

Fig.4 Location of the 7 reference landmarks on the T template image T1ggg. Corresponding points have to be picked on Iy before segmenta-

tion

Landmarks selection

The user has to pick seven landmarks in the segmented
image to make possible a coarse template alignment before
a more accurate registration (Fig. 4). The landmarks, cho-
sen to be distributed along the antero/posterior and the

@ Springer

dorso-ventral axes of the brain, are the followings: (L1:
pituitary gland), (L2: anterior commissure), (L3: posterior
corpus callosum), [L4: anterior caudate nucleus head (left)],
[L5: anterior caudate nucleus head (right)], [L6: orbital canal
extremity (left)], and [L7: orbital canal extremity (right)].
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Results

Quantitative assessment of manual vs. automated
segmentation

To quantify the stability of our segmentation pipeline, three
T,-W MR images were acquired on a 6-year-old animal (case
1853) under different conditions. The brain was imaged,
1 month apart, with two different coils (human knee- and
wrist coils). A third acquisition was performed 2 years later
with the wrist coil, under the same conditions. All images
obtained with these procedures were distinct from those used
to create the template.

An expert delineated manual segmentations of the cortex
on the images. For each image, three consecutive slices were
segmented in the coronal plane. In parallel, segmentations of
the cortex were obtained automatically with the registration-
based approach proposed here, after undergoing prior bias
field correction. An example of a manually segmented slice
and its corresponding automatic segmentation (before and
after binarization) is given in Fig. 5. Robustness of our seg-
mentation approach was assessed quantitatively with Dice
coefficients, a measure of the similarity between automatic
segmentations and their ground truth, i.e., manual segmenta-
tions, which was computed as described in (Taha and Han-
bury 2015). Since the output segmentations are smooth,
i.e., with values between 0 and 1, they were binarized with
automatically computed threshold prior to their comparison
with binary manual segmentations. Dice coefficients range
between 0 (no segmentation overlap) and 1 (perfect seg-
mentation overlap). Results are summarized in Table 3 and
show good overlaps.

Qualitative assessment of cortical atlas mapping

Two T,-W MRI acquisitions were performed on the
same animal at the same age (1 month delay between
the 2 acquisitions), with the same scanner and the same
sequence (parameters given in “Methods”). The only key
difference is the coil used with the scanner device (knee
and wrist coils). We have compared the propagation of the

Table 3 Dice coefficients computed from manual vs. binarized auto-
mated segmentations of the cortex obtained from 7,-W MR images
of the same marmoset acquired in 3 different acquisition conditions
(coil and age)

Slice Knee coil Wrist coil Wrist coil
6 years old 6 years old 8 years old
0.8063 0.88636 0.8979
0.88363 0.92 0.9033
0.90289 0.91208 0.8912

Rows correspond to values obtained for three adjacent coronal slices

cortical atlas to the 7|-W image in both conditions, which
apart from precision differences did not depict major dif-
ferences, especially in the largest areas, since we are con-
sidering the same animal at about the same age. Similar
results were obtained when using the wrist coil instead of
the knee one. In addition, a third acquisition was obtained
with the same scanner, wrist coil and sequence parameters
(Table 2) 2 years later. The results are shown in Fig. 6 for
the acquisition performed on the then 8-year-old marmo-
set with the wrist coil. In Fig. 6a, we show the estimated
cortical atlas in the axial, sagittal and coronal planes, plus
a 3D volume rendering. A corresponding atlas of larger
cortical regions is shown in Fig. 6b. It consists of 14 dif-
ferent regions for the two hemispheres, each composed of
many cortical areas (see Online Appendix 1).

We emphasize that these are only estimated cortical
areas/regions. Indeed, to visualize an atlas such as the one
shown here, only the label of the region with the highest
score was kept for each voxel. More precisely, a K-nearest
neighbor based thresholding algorithm was performed to
preserve local homogeneity in regions.

If we look closer at a particular voxel’s coordinates in
the brain cortex, we will find that the score of actually
being in the area corresponding to the attributed label,
or color in the figure, is lower than 1. This is the case
particularly near the boundary between adjacent areas,
where estimates might overlap, resulting in two or more
complementary scores. As an example, actual results were
investigated at two different coordinates. The first one was

Fig.5 Overlay between a coronal slice and the corresponding segmentation of the cortex for the 7,-W MR image acquired on an 8-year-old mar-
moset using the wrist coil. a Smooth automatic segmentation, b automatic segmentation and ¢ manual segmentation (ground truth)

@ Springer



Brain Structure and Function

Fig.6 Atlas mapping with 7,-W MRI of an 8-year-old marmoset
monkey acquired on a 3 T MRI scanner with a wrist receiving coil.
a Represents the Paxinos atlas of cortical areas (Paxinos et al. 2012)
mapped to the original image, whereas b represents the mapping of
larger cortical regions (see Online Appendix 1 for regions—areas cor-
respondences). Colors for the cortical areas have been chosen similar
to those shown in Paxinos et al. (2012). In each case, axial, sagittal
and coronal 2D views are given in the top left, top right, bottom left
panels, respectively, and a corresponding 3D view of the estimated
cortical areas/regions is shown in the bottom right panel

picked in the middle of V1, a large visual area, where the
confidence is in principle higher, whereas the second point
was chosen to be attributed to the parietal region where
areas are smaller and the overlap between their location
maps is consequently higher (see Online Appendix 3).
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Discussion

Here, we describe the creation of a new 3D marmoset brain
template (IMPEC template) that distinguishes three brain
compartments (gray matter, white matter and CSF), four
structures (brain stem, cerebellum, olfactory bulb, visible
points of the hippocampus) and 230 cortical areas, 115 in
each hemisphere. The cortical areas are also gathered into 7
brain regions in each hemisphere (occipital, temporal, pari-
etal, limbic, insular, frontal-prefrontal and frontal-motor
regions). Our template is diffeomorphic in the sense that it
was thoroughly defined on a single marmoset brain image
and then transported onto an average marmoset brain shape,
using a diffeomorphic strategy that fully preserves the brain
topology. Unlike other available templates that use the defi-
nition of cortical areas proposed by Paxinos and collabora-
tors (Hashikawa et al. 2015; Majka et al. 2016), the IMPEC
template is based on an average of multiple (12) individuals.

We additionally described a marmoset brain segmentation
pipeline that takes advantage of this template. This pipeline
is coded in Python with extensive use of SimpleITK rou-
tines so that it can be run on Windows, Mac or Linux. It can
be either executed using a command-line interface or as a
module of the Slicer software. Although these versions make
use of the same SimpleITK algorithms with the same param-
eters, they target different types of users: the command-line
interface version can be scripted and is made for users famil-
iar with unix-like environment, while the Slicer version does
not require to execute any command line and can then be
seen as more accessible to many users.

Results show that our segmentation pipeline performs
well on different marmoset brain images acquired using dif-
ferent coils in a 3 T scanner. The segmented brain structures
and estimated cortical areas/regions can then be reasonably
used directly for most applications. For instance, it can
be used to non-invasively estimate the extents of cortical
lesions, including giving scores of involvement of specific
areas, or to define seeds for tractography studies. T'- or 7,-
weighted images can also be optionally registered to the tem-
plate and to its associated segmentations and location maps,
for further group analyses. If very accurate segmentations
are required, e.g., when estimating the cortical thickness,
the segmented brain structures can also be used as priors
for more advanced Bayesian segmentation algorithms, such
as those of SPM. In the future, we will use it for longi-
tudinal studies of the brain morphometry and for cortical
areas estimation in anatomical MR images combined with
functional PET images. We acknowledge that the present
study focuses on cortex. This limitation has to be addressed
by future work, using higher magnet MRI, to provide reli-
able segmentation of thalamic structures and thus enlarge
the template. We finally want to emphasize that our template
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definition framework and segmentation pipeline were used
for marmoset brains but could also be directly reused for any
other lissencephalic species.
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