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Université Claude Bernard Lyon I, Lyon, France

Email: laurent.guibaud@chu-lyon.fr

ABSTRACT
In this work we present a method for the image anal-
ysis of Magnetic Resonance Imaging (MRI) of fetuses.
Our goal is to segment the brain surface from multiple
volumes (axial, coronal and sagittal acquisitions) of a fe-
tus. To this end we propose a two-step approach: first,
a Finite Gaussian Mixture Model (FGMM) will segment
the image into 3 classes: brain, non-brain and mixture
voxels. Second, a Markov Random Field scheme will
be applied to re-distribute mixture voxels into either
brain or non-brain tissue. Our main contributions are
an adapted energy computation and an extended neigh-
borhood from multiple volumes in the MRF step. Pre-
liminary results on four fetuses of different gestational
ages will be shown.

1. INTRODUCTION

Development of the fetal brain surface which character-
izes gyration is one of the major maturational processes
of the human brain. The gyration, which was initially
studied by neuropathologists [1, 2], can be followed on
prenatal imaging as suggested first by Droulle using ul-
trasound [3, 4, 5] and shown more recently in fetal cere-
bral MRI atlases [6, 7]. Fetal MRI is now a well recog-
nized tool for cerebral anatomy evaluation especially for
analysis of the cortex. However, this analysis remains
qualitative using the progressive identification of the pri-
mary and secondary gyri along the second and third
trimesters of the pregnancy. A quantitative analysis of
cortical surface can represent a new approach which can
be used as a marker of the cerebral maturation and also
for studying central nervous system (CNS) pathologies.
However, this quantitative approach is a major challenge
for two reasons: first, movement of the fetus inside the
amniotic cavity requires very fast MRI sequences, hence
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resulting in a poor spatial resolution; second, due to the
ongoing myelination and cortical maturation, the ap-
pearance of the developing brain differs from the easily
segmented homogenous tissue types found in adults. To
overcome the low resolution issue, Rousseau et al. [8]
and Jiang et al. [9] built super-resolution images of the
fetal brain from different acquisitions, but no segmenta-
tion method was proposed. To avoid motion artifacts,
few studies use cerebral MRI obtained from premature
neonates to quantitatively measure early brain develop-
ment [10, 11, 12, 13]. However, this strategy does not
allow the study of normal brain development over a large
age range, since the most premature births are not likely
to represent appropriate specimen for the study of nor-
mal development. In fact, so far few works have studied
the brain segmentation of fetal MR images [14].

This work is a first attempt to automatic brain seg-
mentation of MR brain images of fetus. We propose a
Finite Gaussian Mixture Model (FGMM) and a Markov
Random Field (MRF) scheme to perform brain surface
segmentation. This combinations is very often used on
adults brains [19] and has been successfully applied to
premature neonates [10]. We modify the MRF energy
to correct partial volume voxels and we present also
an extended neighborhood. This article is organized
as follows. The data set and the proposed segmenta-
tion method are described in Section 2. Segmentation
results are discussed in Section 3. Finally, conclusions
and future research are presented in Section 4.

2. METHOD

2.1 Data set

Prenatal MR imaging was performed with a 1-T sys-
tem (GE Medical Systems, Milwaukee) using SSFSE se-
quences (TR 7000 ms, TE 180 ms, FOV 40 x 40 cm, slice
thickness 5 mm, in plane spatial resolution 0.78 mm ).
Four fetal cerebral MR studies were retrospectively re-
viewed including exams of fetuses at 23, 27, 28.5, 32
weeks of gestation. Each study included volumes ac-
quired in axial, sagittal and coronal views for a total of



15 planes for each volume. Acquisition times were about
1 minute for every image volume.

2.2 Pre-processing

Two pre-processing steps are needed before brain sur-
face segmentation: inhomogeneity intensity correction
and skull stripping. The inhomogeneity of the mag-
netic field creates an intensity variability in the MRI
images. To correct this disturbance, a bias correction is
applied [15, 16]. However, some intensity inhomogeneity
mainly due to intra-tissue variability of developing brain
will still remain. Finally, the skull stripping which iso-
lates the intracranial cavity is completed by using a fast
and robust active contour segmentation approach [17]
and is then manually corrected.

2.3 Brain tissue classification

The fetal brain segmentation into brain (gray matter,
GM, and white matter, WM, myelinated or not) and
non-brain (mainly cerebrospinal fluid, CSF) tissues is
performed in two steps. A Finite Gaussian Mixture
Model (FGMM) is first adopted to classify each voxel
according to their intensities. Thus, we aim at classi-
fying the fetal brain into two classes: Brain and Non-
brain tissue. To this purpose, 5 labels (L) are used: two
for the Brain tissue class (B = {B1, B2}), two for the
Non-Brain tissue class (NB = {NB1, NB2}) and a fifth
one for Transition voxels (T). This last class represents
uncertainty voxels between GM and CSF. These voxels
will be re-classified later into the two classes (Brain and
Non-brain) with the MRF scheme. The choice of using
two classes for each tissue has been done empirically.

2.3.1 Finite Gaussian Mixture Model (FGMM)
Let us denote yi the gray level (intensity) of a voxel
within an image S, i ∈ S = {1, 2, ..., N} to be classi-
fied, xi ∈ L the corresponding labels, and X , Y the
random variables associated. Let us suppose that the
random variables Yi are identically and independently
distributed, then probability density function of the in-
tensity voxel is given by:

P (y|θ) =
∑
∀x∈L

P (x) · P (y|x) =
∑
∀x∈L

ωx · f(y|θx). (1)

P (x) = ωx, also called mixture parameters, is the prior
probability of the label class x (thus, the random vari-
ables Xi are also assumed independent of each other).
P (y|x) is the conditional probability density function
of y given the tissue class x. Here a Gaussian distri-
bution, f(y|θx), is assumed for each label and it is de-
fined by the parameters θx = (μx, σx), the mean and
standard deviation respectively. Under the constraint∑

∀x∈L ωx = 1, the aim is to estimate the unknown pa-
rameters θ = (θx, ωx) that maximize the log-likelihood
function

θ̂ = argmax
θ

P (y|θ). (2)

One common solution to this optimization problem is
the expectation-maximization (EM) algorithm [18, 19].
Initial parameters are needed to start EM optimization:
μxs are manually selected from the image histogram,

ωx = 1/5 for every label (the assumption that all classes
are initially equiprobable is done), and σxs are arbitrar-
ily set to 5. Note that the use of two labels for each
tissue enables us to be more robust concerning the his-
togram variability across differently myelinated fetuses.
Moreover, the two classes have an anatomical meaning
within the Brain tissue class since each Gaussian models
the white matter and the gray matter even if the dis-
tinction between the two are not clearly defined for fetal
brains.

Finally, once the optimal parameters θ̂ have been
found, classification is performed by choosing for each
voxel the class that maximizes the posterior probability
P (x|y) (MAP estimation). In fact, thanks to Bayes the-
orem, this is simplified by finding the limits of ωxP (y|x)
on the image histogram (Fig. 1(a)) and thresholding the
image with these results (Fig. 1(b)).

2.3.2 Markov Random Field Model (MRF)
At this point, we have for every fetus three label maps
corresponding to the FGMM segmentations of the three
acquisition volumes, namely La, Lc, Ls. The MRF [21]
will now use spatial information to reclassify every voxel
of the T label in the two tissues brain (B = {B1, B2}
and non-brain (NB = {NB1, NB2}). Moreover, the
intracranial cavity voxels wrongly classified as brain by
the FGMM, typically voxels not segmented by the skull-
strip, will be corrected by our MRF scheme. To this end,
no intensity information is taken into account within the
MRF.

Practically, the set of label voxels x =
{x1, x2, .., xi, .., xN} is assumed to be a realization
of a random field X = {X1, X2, .., XN}. X is said to be
a MRF on S with respect to a neighborhood system N
if and only if Positivity (P (X) > 0, ∀x ∈ X , where X
represents the space of all possible configurations) and
Markovianity conditions are satisfied [22]. Markovianity
says that:

P (xi|xS−{i}) = P (xi|xNi ), (3)
where the sites in the image S are related with a neigh-
borhood system N = {Ni, i ∈ S}, where Ni is the set of
sites neighboring i, with i /∈ Ni, and i ∈ Nj ⇔ j ∈ Ni.
Intuitively, Eq. 3 says that spatial relationships between
a voxel and the rest of the image can be reduced to the
spatial interactions within a local neighborhood. A sec-
ond order neighborhood system is exploited here, that
is, the eight voxels in the slice and the nine in the two
adjoining slices form the 26 voxels of the neighborhood
(n = 26) of the voxel i.

Thanks to the Hammersley-Clifford theorem, we can
describe the random field by a Gibbs distribution:

P (xi|xNi) =
e−U(x)∑

x∈X e−U(x)
, (4)

where U(x) is the energy function. The denominator
of the above equation is theoretically well-defined but
it may be intractable since the sum among all possible
configurations is usually not known. Instead, the condi-
tional probabilities P (x|xNi ) are normalized by forcing∑

∀xi∈L

P (xi|xNi) = 1. (5)
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Figure 1: Steps of the brain segmentation. The two tissues Brain (B) and Non-brain (NB) are represented by the
labels: B1, dark blue, B2, light blue, NB2, orange, and NB1, red. Transition label is in yellow.

A new label map is found through Maximum a pos-
teriori (MAP) of Eq. 3, that is equivalent to:

x̂ = arg min
∀x∈L

(U(x))). (6)

This optimization problem is computationally infeasi-
ble but locally optimal solutions can be computed by
iterative optimization techniques [22].

The energy function can be defined as follows:

U(x) =
∑
∀i∈S

(
Vi(xi) +

∑
j∈Ni

Vij(xi, xj),
)

, (7)

where Vi(xi) is an external field that weights the relative
importance of the different classes present in the image
and Vij models the interaction between neighbors [20].
Here, Vi(xi) = 0 and

Vij (xi, xj) =
δ0(xi, xj)

d(i, j)
, (8)

which δ0(xi, xj) = −1 if xi = xj and 0 otherwise, en-
courages voxels to be classified like the majority of its
neighbors, weighted by the Euclidean distance between
neighbors d(i, j).

Here, δ1 and δ2 will be used instead. We define δ1 to
correct peripheral errors by associating voxels B near a
voxel outside intracranial cavity (0 value) as NB:

δ1(xi, xj) =
{ −3, if xj = 0 and xi = NB

0, otherwise. (9)

This simply means that brain tissue cannot directly
touch the skull. This model is used once to correct pe-
ripheral voxel incorrectly classified. A second model to
distribute voxels classified as transition label T is then
used:

δ2(xi, xj) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

−3, if xj = 0 and xi = NB
−3, if xj = NB1 and xi = NB
−2, if xj = NB2 and xi = NB2

−1, if xj = T and xi = T
−2, if xj = B2 and xi = B2

−3, if xj = B1 and xi = B
0, otherwise.

(10)

This model classifies the voxels like the majority of its
neighbors, but in order to suppress the T class, less
weight is given to the T neighbors. Since there is more
certainty that NB1 and B1 are part of tissue NB or B
then NB2 and B2, they have a bigger influence.

Figure 1 illustrates the process of the brain segmen-
tation using FGMM and MRF, and merging the labels
B1, B2 and NB1, NB2 that allow us to obtain the con-
tours of the brain of a 27 weeks old fetus.

2.4 Surface reconstruction

In this section we construct the 3D brain surface that
combines the contours obtained from Ls, Lc and La. To
this end, probability maps are constructed by:

P (i) =
{ 1

2+2d2 , if i inside C
1 − 1

2+2d2 , otherwise, (11)

where d is the Euclidean distance to the brain contour
C and i is a voxel location. Probability maps are used
instead of Label maps, which allows to combine them
by linear interpolation. To combine the 3 probability
volumes, the three image volumes must be aligned first.
Thus, inter-volume registration is needed to compensate
for different position of the fetus across axial, coronal
and sagittal acquisitions. To this end, by maximization
of mutual information, 3D rigid registration (3 rotation
and 3 translations) is computed on the gray level images
(implemented in ITK [15]). Then, the rigid transforma-
tion is applied using tri-linear interpolation on the prob-
ability maps. By applying a threshold to the resulting
distance map at 0.5 we obtain the brain surface.

2.5 Extended MRF Neighborhood

Instead of combining the 3 acquisitions in a final step
only, we propose to profit from all 3 acquisition volumes
within the MRF framework. We add up to 9 neigh-
bors per volume, for instance from La and Lc, to the 26
neighbors of Ls. To implement such extended neighbor-
hood, rigid transformation is applied to labeled images.
Once a point to point correspondence is obtained, the
corresponding voxel within the complementary volumes
and its 8 neighbors are considered for the MRF energy
computation. It might occur that no information is con-
tained in some of the extended neighbors. The scheme
of extended neighborhood is represented in Fig. 2.
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Figure 2: Scheme of the proposed extended neighborhood.

3. RESULTS

Our segmentation method has successfully been tested
on four fetuses of different age: 23, 27, 28.5 and 32 weeks
old. The results of the segmentation are presented in
Figure 3. Unfortunately, at this stage, only visual as-
sessment can be done due to the lack of manual seg-
mentations or other ground truth. The construction of
a 3D volume which represents the brain of the fetus is
shown in Figure 5. We can see the difference of gyra-
tion between the two volumes: the youngest fetus is very
smooth whereas the older one presents more sulci and
gyri. In Figure 4, we compare the contour extracted
from one single acquisition (Ls) and the one from the
fusion of the 3 acquisitions. Despite better depth reso-
lution obtained, in plane segmentation presents less pre-
cision in sulci.

Figure 6 compares the results of the segmentation
with and without the extended neighborhood. As ex-
pected, the extended neighborhood improves the MRF
within a single volume only in the areas where reliable
information can be obtained, when a perfect point-to-
point correspondence exists across the 3 image acquisi-
tions (see for instance the ventricle contour in extended
MRF in Fig. 6(b)). Unfortunately, other regions (see
for instance frontal lobe in Fig. 6(b)) are less accurately
segmented. Computation time was about 4 min for the
FGMM and MRF scheme and 10 min for the extended
Neighborhood with an Intel Core 2 Duo T7300 (2 GHz).

3.1 Discussion

Our FGMM and MRF scheme performs well but lim-
ited accuracy has been obtained in gyri and sulci. This
is mainly due to very large slice thickness and fetal mo-
tion. Even if rigid registration is applied to correct fetal
movement between acquisition volumes, intra-volume
fetus motion still remains; this is the case in Figures 4
and 6. As proposed by [10], one possible correction of
this motion is to perform a 2D-3D registration: using
as reference image a high resolution (HR) volume which
combines the three low resolution (LR) acquisitions in
order to register each 2D slice of the LR images.

Further development must also be done for the sur-

(a) Fetus of 23 weeks. (b) Fetus of 27 weeks.

(c) Fetus of 28.5 weeks. (d) Fetus of 32 weeks.

Figure 3: Results of the brain segmentation.

(a) Contours from Ls (b) Contours from Ls+La+Lc

Figure 4: Comparison between a single acquisition and
the combination of 3 acquisition volumes.



(a) Fetus of 27 weeks. (b) Fetus of 32 weeks.

Figure 5: 3D volume which represents the brain of the
fetus.

(a) MRF segmentation (b) Extended neighborhood

Figure 6: Comparison of MRF segmentation with an
extended neighborhood.

face reconstruction. In this paper, reconstruction has
only been applied for visualization. However, more
evolved methods should be applied for cortical folding
reconstruction and quantitative measures such as para-
metric deformable models [23] or geometric deformable
models [24].

4. CONCLUSION
In this work, a brain segmentation method of MRI of
the fetus has been proposed. To our knowledge, this
is the first attempt to perform automatic segmenta-
tion of such image data. We proposed a FGMM and
MRF scheme to solve the tissue segmentation problem.
Our main contribution is an adapted energy computa-
tion and an extended neighborhood in the MRF step.
Four fetuses of different gestational age have been suc-
cessfully segmented and 3D brain surfaces have been
created. Visual validation has been carried out show-
ing some limitations of our approach mainly due to low
depth resolution (5mm) and intra-volume fetal motion.
Thus, further work will mainly focus on compensating
for such motion artifacts and increasing the accuracy of
the brain contours. Moreover, quantitative validation
work will be drive on high resolution MRI acquired on
premature neonates.
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