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Abstract. Intraventricular hemorrhage (IVH) is a major cause of brain
injury in preterm neonates and leads to dilatation of the ventricles. Mea-
suring ventricular volume quantitatively is an important step in moni-
toring patients and evaluating treatment options. 3D ultrasound (US)
has been developed to monitor ventricle volume as a biomarker for ven-
tricular dilatation and deformation. Ventricle volume as a global indica-
tor, however, does not allow for the precise analysis of local ventricular
changes. In this work, we propose a 3D+t spatial-temporal nonlinear reg-
istration approach, which is used to analyze the detailed local changes of
the ventricles of preterm IVH neonates from 3D US images. In particu-
lar, a novel sequential convex/dual optimization is introduced to extract
the optimal 3D+t spatial-temporal deformable registration. The experi-
ments with five patients with 4 time-point images for each patient showed
that the proposed registration approach accurately and efficiently recov-
ered the longitudinal deformation of the ventricles from 3D US images.
To the best of our knowledge, this paper reports the first study on the
longitudinal analysis of the ventriclar system of pre-term newborn brains
from 3D US images.

Keywords: 3D ultrasound, pre-term neonatal ventricles, spatial-temporal
registration, convex optimization.

1 Introduction

Ventriculomegaly (VM) is often seen in pre-term neonates born at < 32 weeks
gestation or with very low birth weight (< 1500 g). Intraventricular hemorrhage
(IVH) is one of the primary non-congenital causes of VM, which is caused by
bleeding in the brain that occurs in 15-30% of very low birth weight pre-term
neonates and is predictive of an adverse neurological outcome [9]. Preterm infants
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with IVH are at risk of white matter injury, and the development of post hemor-
rhagic ventricular dilatation (PHVD) increases the risk of an adverse neurode-
velopmental outcome. It is difficult to follow the dynamic of ventricle dilatation
with current techniques (2D ultrasound (US) and MR imaging) determine the
level by which ventricle dilatation is progressing. While clinicians have a good
sense of what VM looks like compared to normal ventricles, there is little infor-
mation available on how the cerebral ventricles change locally and temporally
in pre-term IVH neonates. Additionally, the PHVD patients require interven-
tional therapies, and about 20-40% of these patients will consequently develop
hydrocephalus, necessitating surgery. Currently, there is no means of accurately
predicting PHVD or determining if and when ventricular dilation requires treat-
ment [14]. 3D US has proven to be a useful tool to measure the ventricle volume
size, which can be used as a global indicator of ventricle changes [8,10]. How-
ever, differential enlargement of specific parts of the ventricles occurs over time,
which cannot be identified by volume measurement alone. Thus, the longitudinal
analysis of ventricle changes could provide rich information explaining some spe-
cific neurological and neuropsychological deficits, and can greatly improve the
diagnosis, prognosis, and treatment of VM [3]. Longitudinal analysis of brains
has been extensively studied using MR images, mostly focusing on adult pop-
ulations, leading to several successful methods and software packages, such as
SPM [1], FreeSurfer [7], and aBEAT [6]. However repeated MRI are not feasible
in the context of preterm infants, as they are too weak to leave the unit for
the first few weeks of their life. There are a few studies on the development of
early brains [4,5]. However, methods employed for the longitudinal analysis of
MR images are not suited for the unique challenges posed by US imaging, such
as US image speckle, low tissue contrast, fewer image details of structures, and
dramatic inter-subject shape deformation [8,10]. In addition, 3D neonatal US
images can only provide the partial view of the neonatal brain, rather than the
whole brain as in 3D MR images.

Contributions: A novel 3D+t deformable image registration technique is de-
veloped for the longitudinal analysis of 3D neonatal ventricle US images, which
makes use of a sequential convex optimization technique to address the result-
ing nonlinear and non-smooth image fidelity function. Each convex optimization
sub-problem is solved under a dual optimization perspective. The developed ap-
proach allows for the registration of all the follow-up 3D ventricle US images onto
the baseline image in the same spatial coordinates. To the best of our knowledge,
this paper reports the first study on the longitudinal analysis of lateral ventricles
of pre-mature newborn brains from the temporal sequence of 3D US images.

2 Method
Optimization Model: Given a sequence of 3D US images I1(x) . . . In+1(x),
we aim at computing the temporal sequence of 3D deformation fields uk(x),
k = 1 . . . n, within each two adjacent images Ik(x) and Ik+1(x), while imposing
both spatial and temporal smoothness of the 3D+t spatial-temporal deformation
fields uk(x) = (u1

k(x), u
2
k(x), u

3
k(x))

T, k = 1 . . . n.



478 W. Qiu et al.

In this work, we apply the sum of absolute intensity differences (SAD) to
evaluate the dissimilarities between each two adjacent images Ik(x+ uk(x)) and
Ik+1(x), k = 1 . . . n, over the deformation field uk(x). Hence, we have

P (I1...n+1;u) :=

n∑

k=1

∫

Ω

|Ik(x+ uk(x)) − Ik+1(x)| dx (1)

to measure the 3D+t intensity-based dissimilarities within the input 3D image
sequence Ik, over the sequence of 3D deformation fields uk(x), k = 1 . . . n.

For each 3D deformation field uk(x), k = 1 . . . n, we prefer a smooth deforma-
tion field, hence penalize its spatial non-smoothness; in this work, we minimize
the convex quadratic function of the spatial non-smoothness of deformations,
i.e.,

R(u) := α

n∑

k=1

∫

Ω

( ∣∣∇u1
k

∣∣2 +
∣∣∇u2

k

∣∣2 +
∣∣∇u3

k

∣∣2 ) dx , (2)

where α > 0 is the positive spatial regularization parameter. Actually, spatial
regularization function significantly restricts the solution space of deformation
fields and sets up the well-posedness of the deformable registration problem.
In addition, we also employ a temporal smoothness prior which encourages the
similarities between each two adjacent deformation fields uk(x) and uk+1(x),
k = 1 . . . n− 1, and penalizes their total absolute differences, i.e.,

T (u) := γ
n−1∑

k=1

∫

Ω

( ∣∣u1
k − u1

k+1

∣∣+
∣∣u2

k − u2
k+1

∣∣+
∣∣u3

k − u3
k+1

∣∣ ) dx , (3)

where γ > 0 is the temporal regularization parameter. Such absolute function-
based proposed temporal regularization function (3) can eliminate undesired
sudden changes within each two neighbouring deformation fields, which is mainly
due to the poor image quality of US including US speckle and shadows, low
tissue contrast, fewer image details of structures, and improve robustness of the
introduced 3D+t non-rigid registration method.

Considering (1), (2) and (3), we formulate the studied 3D+t deformable regis-
tration of the input 3D US image sequence as the following optimization problem:

min
u1...n(x)

P (I1...n+1;u) + R(u) + T (u) , (4)

where the spatial and temporal regularization functions R(u) and T (u) allow
the well-posed optimization formulation (4).

Sequential Convex and Dual Optimization: The image fidelity term
P (I1...n+1;u) of (4) is highly nonlinear, which is challenging to be minimized
directly. In this regard, we use an incremental Gauss-Newton optimization
scheme [2], which results in a series of linearization of the nonlinear function
P (I1...n+1;u) over the incremental warping steps, hence a sequence of convex
optimization problems, where each convex optimization problem properly com-
putes an optimal update h(x) to the current deformation approximation u(x),
till convergence, i.e., the updated deformation t(x) is sufficiently small.
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Given the current estimated deformation u(x), the linearization of
P (I1...n+1;u + h) over its incremental update h(x) gives rise to the following
approximation:

P (I1...n+1;u+ h) � (
P̃ (h) :=

n∑

k=1

∫

Ω

∣∣∣∇Ĩk · hk + G̃k

∣∣∣ dx
)
, (5)

where Ĩk := Ik(x + uk(x)), i = 1 . . . n, denotes the deformed image Ik(x) over
the current deformation field uk(x), and G̃k := Ik(x+ uk(x))− Ik+1(x).

Therefore, we can compute each deformation update h(x) by solving the fol-
lowing optimization problem

min
h1...n(x)

n∑

k=1

∫

Ω

∣∣∣∇Ĩk · hk + G̃k

∣∣∣ dx + R(u+ h) + T (u+ h) dx , (6)

which is convex, due to the convexity of the absolute function and the spatial-
temporal regularization functions R(·) and T (·), and can be optimized globally.
Note that a small number n of time point images leads to approximation errors
in practice, and a large number n results in a more smooth temporal deformation
field.

Dual Optimization Formulation. In this work, we solve the convex min-
imization problem (6) under a dual-optimization perspective, which not only
avoids directly tackling the non-smooth functions of (6) but also derives a new
duality-based algorithm. Moreover, the proposed dual optimization-based ap-
proach can be easily extended to minimize the energy function (6) with any other
spatial and temporal regularizars, for example the non-smooth total-variation
based regularization function

∑3
i=1

∫
Ω
|∇(u)| dx.

Through variational analysis, we can derive a mathematically equivalent dual
model to the convex minimization problem (6):

Proposition 1. The convex minimization problem (6) can be equally reformu-
lated by its dual model:

max
w,q,r

n∑

k=1

∫

Ω

(
wkG̃k +

n∑

i=1

ui
k div q

i
k

)
dx − 1

2α

n∑

k=1

3∑

i=1

∫

Ω

(
qik
)2

dx

+
n−1∑

k=1

3∑

i=1

∫

Ω

(
rik(u

i
k − ui

k+1)
)
dx (7)

subject to

F i
1(x) :=(w1 · ∂iĨ1 + div qi1 + ri1)(x) = 0 , (8)

F i
k(x) :=(wk · ∂iĨk + div qik + (rik − rik−1))(x) = 0 , k = 2 . . . n− 1 , (9)

F i
n(x) :=(wn · ∂iĨn + div qin − rin−1)(x) = 0 , (10)

where i = 1 . . . 3, and

|wk(x)| ≤ 1 ,
∣∣r1k(x)

∣∣ ≤ γ ,
∣∣r2k(x)

∣∣ ≤ γ ,
∣∣r3k(x)

∣∣ ≤ γ ; k = 1 . . . n .
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The proof follows the facts that γ |x| = max|w|≤γ wx, and the convex opti-
mization problem (6) can be equally rewritten by the minimax of its associated
primal-dual Lagrangian function, i.e.,

min
h

max
w,q,r

L(h, w, q, r) :=
n∑

k=1

∫

Ω

(
wkG̃k +

n∑

i=1

ui
k div q

i
k

)
dx − 1

2α

n∑

k=1

3∑

i=1

∫

Ω

(
qik
)2

dx

+

n−1∑

k=1

3∑

i=1

∫

Ω

(
rik(u

i
k − ui

k+1)
)
dx +

n∑

k=1

3∑

i=1

〈
hi
k, F

i
k

〉
, (11)

subject to |w(x)| ≤ 1 and
∣∣rik(x)

∣∣ ≤ γ, i = 1, 2, 3; where the functions F i
k(x),

k = 1 . . . n and i = 1, 2, 3, are defined in (8). We refer to [15,11,12] for the
detailed primal-dual analysis. Given Prop. 1 and the Lagrangian function (11),
each component of the incremental deformation hk(x) just works as the multi-
plier function to the respective linear equalities (8) under the primal-dual per-
spective. In addition, the associated primal-dual energy function of (11) is just
the Lagrangian function to the dual formulation (7), which can be solved by an
efficient duality-based Lagrangian augmented algorithm [15,11,12].

3 Experiments and Results

Image Acquistion: A motorized 3D US system developed for cranial US scan-
ning of pre-term neonates was used for image acquisition in the neonatal inten-
sive care unit (NICU) [8]. The 3D image sizes ranged from 300 × 300 × 300 to
450 × 450 × 450 voxels with a voxel spacing of 0.22 × 0.22 × 0.22 mm3. Five
patients were enrolled in this study. Once enrolled, patients underwent serial US
exams 1-2 times per week until the discharge from NICU, or transfer to a sec-
ondary care center. Four time-point 3D images were acquired per patient. Each

Fig. 1.Registration results of an IVH neonatal ventricles in 3D US image. 1 - 4 columns:
baseline, registered images at time points 1-3. The first - third row: sagittal, coronal,
and transvers view.
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image was manually segmented on parallel sagittal slices by a trained observer
and verified by an experienced clinician. Manual segmentations were used to
evaluate the 3D+t registration results.

Evaluation Metrics: Our registration method was evaluated by comparing the
registered follow-up image with the corresponding baseline image in terms of the
overlap of two ventricle surfaces extracted from the two images using volume-
based metrics: Dice similarity coefficient (DSC); and distance-based metrics: the
mean absolute surface distance (MAD) and maximum absolute surface distance
(MAXD) [11,12].

Results: Figure 1 shows an example of registered follow-up and baseline images
from transverse, coronal and sagittal views. Table 1 summarizes the quantitative
registration results for the initial rigid alignment, pair-wise deformable registra-
tion without the spatial-temporal constraint [13], and the proposed 3D+t non-
linear registration, which shows that the proposed 3D+t deformable registration
improved the target ventricle overlap in terms of DSC, MAD, and MAXD, com-
pared to the results after rigid registration and pair-wise deformable registration
without the spatial-temporal constraint. The ventricles at each time point were
additionally compared to the previous time point using the generated 3D+t de-
formation results. The local 3D volume changes can be well represented by the
divergence of deformations, i.e., div u(x) := (∂1u1 + ∂2u2 + ∂3u3)(x) , ∀x ∈
Rventricle . The local volume changes within the ventricle regions over the com-
puted deformation field uk(x) are shown in Fig. 2.

The proposed 3D+t non-rigid registration algorithm was implemented in Mat-
lab (Natick, MA), and the experiments were conducted on a Windows desktop
with an Intel i7-2600 CPU (3.4 GHz). The registration time was calculated as the
mean run time of five registrations. The mean registration time of our method
was 8.1± 1.2 minutes per patient dataset.

Fig. 2. Local volume changes represented by the divergence of the deformation field,
i.e., div u(x), at each time point. (a)-(c): the first-third time points. The local vol-
ume expansion is colored in red, while the local volume shrinkage is colored in blue.
Magnifications of all regions of interest are depicted in the top row.
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Table 1. Registration results of 5 patient images (4 time points each patient) in terms
of DSC, MAD, and MAXD (p1-p5: patient ID), represented as the mean ± standard
deviation.

DSC (%) MAD (mm) MAXD (mm)

Rigid 66.4± 4.3 1.2± 1.3 7.0± 4.4
Pair-wise nonlinear registration 78.5± 3.3 0.7± 0.8 3.8± 3.0
3D+t nonlinear registration 80.1± 2.4 0.5± 0.6 3.1± 2.2

4 Discussion and Conclusion

Longitudinal analysis of 3D neonatal brain US images can reveal structural and
anatomical changes of neonatal brains during aging or in patients with IVH dis-
ease. The analysis has the potential to be used to monitor patients and evaluate
treatment options with quantitative measurements of ventricular dilatation or
shrinkage in pre-term IVH neonates over time. The unique challenges provided by
3D US images of neonatal brains make most registration-based analysis methods
used in MR images not useful. To cater for this clinical need, a deformable 3D+t
registration approach is proposed to accurately and efficiently analyze the longi-
tudinal pre-term neonatal brain from 3D US images. Specifically, the proposed
3D+t registration approach makes use of convex and dual optimization tech-
nique to efficiently extract the optimal 3D+t spatial-temporal deformation field
and enjoys both efficiency and simplicity in numerics. In addition, the proposed
dual optimization-based algorithm can be parallelized on GPUs to accelerate the
computation.

The experimental results show that the proposed 3D+t registration approach
can capture the longitudinal deformation of neonatal ventricles in 3D US images
accurately and efficiently, suggesting that it could help physicians to locally
quantify the neonatal ventricle changes over time. The proposed method was
preliminarily evaluated on a small database. Additional validation on a large
number of images would be required. Future work will involve mapping different
subject images onto a healthy template image for classification of disease grade
and progression. Moreover, based on the developed registration technique, an
IVH-grade- and age-specific 3D US neonatal ventricle atlas may clinically useful
for the diagnosis and treatment of developing neonatal brains with VM.
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