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Abstract. Potential sanitary e�ects related to electromagnetic �eld s
exposure raise public concerns, especially for fetuses during pregnancy.
Human fetus exposure can only be assessed through simulateddosimetry
studies, performed on anthropomorphic models of pregnant women. In
this paper, we propose a new methodology to generate a set of detailed
utero-fetal unit (UFU) 3D models during the �rst and third tr imesters
of pregnancy, based on segmented 3D ultrasound and MRI data. UFU
models are built using recent geometry processing methods derived from
mesh-based computer graphics techniques and embedded in a synthetic
woman body. Nine pregnant woman models have been generated using
this approach and validated by obstetricians, for anatomic al accuracy
and representativeness.

1 Introduction

Several organizations and institutes like the World Health Organization or the
Mobile Manufacturers Forum, have pointed out the need for studies of inter-
actions between electromagnetic �elds and biological tissues. For this purpose,
experiments performedin vivo on animals and in vitro at the cellular level are
complemented by simulated dosimetry studies. These studies require rasterized
computational body models in order to simulate the electromagnetic �eld and
derive the energy absorption at each point of the model.

With the advent of fast whole body acquisition imaging protocols, voxel-
based models are nowadays built using segmented medical data acquired on vol-
unteers. Numerous adult and children voxel-based models are available [1], which
have enabled extensive dosimetric studies. In 2006, the World Health Organiza-
tion designated studies aiming at assessing fetal exposureduring pregnancy as
a new priority. Since gathering whole body medical data on a pregnant woman
is unethical, hybrid models were built by merging stylized models with organs
built with surface equations, voxel-based models and/or synthetic models from
the computer graphics community. Only few works modeled pregnant women at
di�erent stages of pregnancy. However, detail and realism of the UFU models
remained limited in these models, and did not allow precise fetal exposure assess-
ment. Stylized models were used in [2], which are inherentlysimpli�ed anatom-
ical representations. A detailed set of models of pregnant women was already
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proposed in [3], but was limited by the fact that the fetus models contained a
realistic but coarse skeleton extracted from a CT scan, scaled and combined with
di�erent synthetic envelopes not generated from medical data. Moreover, only
a limited set of fetal tissues were distinguished (including soft tissues, skeleton,
brain). The set of models proposed in [4] was the only one built using medical
images, but UFU models at di�erent gestational ages were obtained by scaling
a single model extracted from MRI data obtained at 35 weeks ofamenorrhea
(WA). This transformation seems inappropriate as fetal limbs and organs do not
develop at the same moment nor grow linearly. Therefore, there is still a need
for more complex models.

In this paper, we propose to �ll this gap by building a set of pregnant woman
models, embedding detailed and realistic UFU models. Realism is ensured by
the use of medical images, obtained with two modalities usedin routine preg-
nancy follow up: 3D ultrasound (3DUS) during the �rst trimes ter and magnetic
resonance imaging (MRI) during the second and third trimesters. Detailed seg-
mentations, validated by expert physicians, are then processed using several
point-based graphics tools, in particular the MLS operator, which have recently
emerged as e�cient and robust techniques in digital geometry processing. We in-
troduce their use in medical imaging by meshing smooth surfaces sampled from
medical volume data. This mesh representation preserves smoothness during the
discretization of the UFU anatomy on the Cartesian grid usedfor dosimetric sim-
ulations, which is crucial as surface singularities inducebias in the simulation
results. UFU models are merged with a synthetic woman model,overlapping the
maternal bulk extracted from the images and under control ofobstetricians.

The originality of this work is three-fold: an emerging problematic is ad-
dressed; an extensive database of images acquired with state-of-the-art modali-
ties used in obstetrics has been gathered (Section 2); recent geometry processing
methods derived from mesh-based computer graphics techniques are used to
provide a smooth representation of the UFU anatomical structures (Section 3).
Preliminary results and future works are presented in Section 4.

2 Images Database and Utero-Fetal Unit Segmentation

3DUS Image Data. With the collaboration of obstetricians from the Port-Roya l
and Beaujon hospitals (Paris, France), we obtained eighteen 3DUS images be-
tween 8 and 14 WA. These images have a submillimetric and isotropic resolu-
tion (typically 0 :6 � 0:6 � 0:6 mm3) and contain the whole UFU. First, voxels
are classi�ed into two classes, the amniotic 
uid on the one hand, and the fetal
and maternal tissues on the other hand. This is performed using the method
described in [5], where statistical distributions of voxel intensities within each
class are exploited in a deformable model segmentation framework. Then, the
fetus is manually disconnected from the uterine wall and from the umbilical cord.
Finally, the placenta and the endometrium are identi�ed.

MRI Image Data. In collaboration with pediatric radiologists from the Coch in-
St Vincent de Paul hospital (Paris, France), a database of twenty-two routine
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Fig. 1. 3DUS (a) and MRI (c) images at 13 and 34 WA, with corresponding segmen-
tation results (b) and (d).

MRI exams has been gathered, of fetuses between 26 and 35 WA. Images were ac-
quired using the Balanced Steady State Free Precession sequence, which enables
to acquire volumes encompassing the UFU in less than thirty seconds. Thus, im-
ages free from fetal motion related artifacts can be obtained, guaranteeing three
dimensional consistency of the UFU anatomical structures.Moreover, intensities
in 
uids are strikingly higher than in fetal soft tissues and high contrasts enable
easy delineation of the fetus and its anatomy [6]. The typical images resolu-
tion is 1 � 1 � 4 mm3. First, maternal tissues, uterine wall, placenta, amniotic

uid, umbilical cord and fetus are segmented using semi-automatic segmentation
tools. Then, fetal anatomy is re�ned by segmenting the brain, cerebrospinal 
uid,
spine, eyes, lungs, heart, stomach and urinary bladder. Theoverall segmentation
is time consuming and automated approaches are currently being developed. Ac-
curate results have already been obtained for eyes, brain [7], cerebrospinal 
uid
and spine automated segmentation. Typical 3DUS and MRI data images are
shown in Figure 1, together with the corresponding segmentation results, which
were individually validated by obstetricians.

3 Utero-Fetal Unit and Pregnant Woman Modeling

3.1 Surface Reconstruction

For dosimetry studies, Finite Di�erence Time Domain method is frequently used
for numerical simulations on a spatial grid, with labeled anthropomorphic models
which need to be smooth to avoid simulation bias on singularities. Naive direct
meshing approaches generate \steps" e�ects (see Figure 2) in the surface models,
especially when MRI images with anisotropic resolution areconsidered. In this
section, we describe a method for generating a high quality triangle mesh from
a presegmented volume of interest (see Figure 2). We adopt a generic approach
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Fig. 2. Illustration on a fetus body of the proposed surface reconstruction (left) versus
direct meshing from image segmentation (right).

by �rst extracting an unorganized set of points from the volume data and then
generating a mesh by sampling a smooth surface which approximates this point
set. The entire process is performed in a few seconds.

The mesh reconstruction algorithm is composed of three mainsteps, detailed
below (see Figure 3 for an illustration). With this algorith m, a mesh of arbitrary
resolution can be extracted from an arbitrary sparse point set. Consequently,
the system allows producing dense enough surface sampling to enable both ac-
curate subsequent deformations of the objects and robust rasterization within
the original volume domain.

Point-Normal Sampling. In addition to the position p i of a point sample, the
algorithm requires a surface normal estimaten i at this point, in order to gener-
ate a meshM from the point-normal sampling PN = ff p0; n0g; :::f pm ; nm gg.
We compute an approximate normal vector at each point by using a Principal
Component Analysis [8] in 3D space. More precisely, the normal is given asu i ,
the eigen vector associated with the smallest eigen value ofthe covariance matrix
of the k-nearest-neighborhood ofp i . In practice, the anisotropic nature of the
original sampling induces a rather large value fork, usually k 2 [50; 120], and
we use a kD-Tree data structure [9] to e�ciently compute the k-neighborhood
queries.

In our case, the sign of the normal can be resolved using additional informa-
tion available from the volume data: the vector ai , from the surface point p i to
the corresponding point on a dilated volume boundary, always points from the
surface to the outside of the object. Thus, we get

n i =
n i

jjn i jj
with n i =

�
u i if u i � ai > 0
� u i otherwise

:

Note that n i is only an estimate, with a smoothness controlled byk. To increase
the quality of this estimate for later stages of the reconstruction pipeline, the
normals are re-estimated after each major processing step in this algorithm.

MLS Operator. The Moving Least Square (or MLS) projection operator [10,
11] is a scattered data approximation method intensively used in geometry pro-
cessing. We make use of it for both �ltering and meshing steps, as it provides
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Fig. 3. Illustration on a fetus body of the reconstruction pipeline .

a simple and powerful tool for the sparse samplingPN extracted from volume
data. We consider a variation of a recent simpli�cation of the MLS operator [12].
Let consider q 2 R3. The MLS operator is de�ned as:

MLS P N
: R3 ! R3; q ! � 1 (q)

It is based on the orthogonal projection� (q) of q onto a weighted least square
plane Hq = f c(q); n(q)g: � (q) = q� < q � c(q):n(q) > n (q) where

c(q) =
P

i ! (jjq � p i jj )p iP
i ! (jjq � p i jj )

and n(q) =
P

i ! (jjq � p i jj )n i

jj
P

i ! (jjq � p i jj )n i jj

de�ne a weighted combination over a local neighborhood of surface point sam-
ples nearq with f p i ; n i g 2 P N . For e�ciency reasons, we use Wendland's [13]
compactly supported, piecewise polynomial function as theweighting kernel:

! (t) =
�

(1 � t
h )4( 4t

h + 1) if 0 � t � h
0 if t > h

;

where h controls the size of the support (i.e. smoothness). By applying itera-
tively this projection procedure, we de�ne � i +1 (q) = � (� i (q)) and generate a
sequence of pointsf q; � (q); :::; � i (q); :::g which | considering q in the vicinity
of PN [14] | converges toward a stationary point � 1 (q). The set of points in
R3 which are stationary by this MLS projection of PN is called thepoint set sur-
face (or PSS) [15] ofPN . This procedure converges very quickly in the vicinity
of PN . In practice, we bound the number of iterations to 5 and the precision to
a user-de�ned value, i.e.jj � i +1 (q) � � i (q)jj < � . Note that ! (t) has a compact
support, which allows us to consider only a small and local set of neighbors in
PN . Again, a kD-Tree is used to query them in logarithmic time.

Filtering. The manual segmentation may often lead to inaccurate volumebound-
ary and unwanted samples inPN . Consequently, we need to �lter PN prior to
the mesh generation stage. In practice, this �ltering boils down to smooth PN

and remove its outliers, which are samples located far away from the estimated
surface. The former can be addressed by applying the MLS projection on every
sample of PN , using h to control the low-pass �ltering e�ect (i.e. PN is pro-
jected onto the PSS it de�nes). We address the later problem using an iterative
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Fig. 4. Pregnant woman modeling: original trunk of the synthetic wo man (left), de-
formed trunk (center) and �nal model (right).

classi�cation inspired from the method of Bradley et al. [16]: we compute the
Plane Fit Criterion proposed by Weyrich et al. [17], remove the detected outliers
and restart with a quadratically decreasing bound until a user-de�ned threshold.
Our experiments show that the number of iterations can be �xed to 3.

Mesh Generation. We �nally generate the mesh M from PN using two distinct
approaches:

{ in most cases, we use the implicit form of the PSS:

f P N
: R3 ! R; q ! n(q)> (q � c(q))

to de�ne a scalar �eld with zero set | f P N
(q) = 0 | corresponding to a

smooth surface approximatingPN . We contour it by feeding the extended
marching cube algorithm [18] with f P N

(i.e.,f P N
is evaluated at marching

cube grid vertices).
{ in some cases, exhibiting large missing surface regions in the sampling ob-

tained from volume data, we use thePoisson Reconstruction algorithm, as
proposed by Kazhdan et al. [19]. We use their code, publicly available.

As a result, we obtain a triangle meshM sampling at arbitrary precision (con-
trolled by the marching cube grid size) a smooth surface de�ned from the input
boundary samples extracted from volume data. Surface meshes for all segmented
objects in Figure 1 have been generated with our method. These mesh models
can then be used for further interactive skinning, deformation and visualization.

3.2 Pregnant Woman Modeling

No segmented woman model is freely available and an approachsimilar to [4] has
been adopted. Pregnant women models are built by inserting UFU models into a
synthetic woman model, Victoria, distributed by DAZ studio (www.daz3d.com).
UFU models generated using ultrasound data are registered rigidly into Victoria.
Those models correspond to early pregnancy stages. Consequently, Victoria's
body is not altered, as the abdominal morphology of a pregnant woman is not
modi�ed at such stages by the growing UFU, given its small volume.

However, a di�erent insertion process has to be considered when models gen-
erated from MRI data are inserted (see Figure 4). First, UFU and the maternal
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Fig. 5. Pregnant women models at 13 WA (left two images) and 35 WA (rig ht three
images), generated using US3D and MRI data, respectively.

bulk models are positioned by rigidly registering the pubis. Then, a realistic in-
clination is de�ned. Finally, Victoria's thigh and trunk ar e morphed using free
form deformations to �t the maternal bulk. The �nal pregnant woman model is
obtained by removing the maternal bulk. Positioning and morphing operations
were supervised by experienced obstetricians.

4 Preliminary Results and Future Works

Nine pregnant woman models have been generated using the method presented
in this paper: four from 3DUS images (8, 9, 10 and 13 WA) and �vefrom MRI
images (30, 32, 32, 33 and 35 WA). Models at 13 and 35 WA are shown in
Figure 5. All models were anatomically validated by obstetricians and pediatric
physicians, and will be shared with other researchers in a near future. Prelimi-
nary dosimetry studies on models derived from MRI have been performed and
results show that fetal position and morphology have a direct in
uence on fe-
tal exposure [20], demonstrating the importance of considering multiple models
with similar gestational ages.

Future works include the computation of additional models, especially for
the second pregnancy trimester. During this period, 3DUS cannot be used due
to limited �eld of view and MRI images quality is often altere d by fetal motion
related artifacts. However, an artifact free MRI volume was recently obtained
at 26 WA and the corresponding model is currently under construction. A fetus
model has also been articulated, to be morphed into di�erentanatomical posi-
tion. This enables the study of the posing in
uence on dosimetry. Finally, this
model can be used as a tool for segmentation. Indeed, registering this model on
fetal landmark points (e.g. joints cartilage) in a new imagedataset to initialize
a graphcut segmentation provided promising results in preliminary experiments
for the fetal envelope segmentation.
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