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Punctate White Matter Damage (PWMD) is a common neonatal brain disease, which can easily cause
neurological disorder and strongly a®ect life quality in terms of neuromotor and cognitive performance.
Especially, at the neonatal stage, the best cure time can be easily missed because PWMD is not conducive to
the diagnosis based on current existing methods. The lesion of PWMD is relatively straightforward on
T1-weighted Magnetic Resonance Imaging (T1 MRI), showing semi-oval, cluster or linear high signals. Dif-
fusion Tensor Magnetic Resonance Image (DT-MRI, referred to as DTI) is a noninvasive technique that can
be used to study brain microstructures in vivo, and provide information on movement and cognition-related
nerve ¯ber tracts. Therefore, a new method was proposed to use T1 MRI combined with DTI for better
neonatal PWMD analysis based on DTI super-resolution and multi-modality image registration. First, after
preprocessing, neonatal DTI super-resolution was performed with the three times B-spline interpolation
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algorithm based on the Log-Euclidean space to improve DTIs' resolution to ¯t the T1 MRIs and facilitate
nerve ¯ber tractography. Second, the symmetric di®eomorphic registration algorithmand inverse b0 imagewere
selected for multi-modality image registration of DTI and T1MRI. Finally, the 3D lesionmodels were combined
with ¯ber tractography results to analyze and predict the degree of PWMD lesions a®ecting ¯ber tracts. Ex-
tensive experiments demonstrated the e®ectiveness and super performance of our proposed method. This
streamlined technique can play an essential auxiliary role in diagnosing and treating neonatal PWMD.

Keywords: Punctate white matter damage; di®usion tensor magnetic resonance image (DTI); T1 MRI; nerve
¯ber tractography; DTI super-resolution.

1. Introduction

Punctate White Matter Damage (PWMD) is one of

the most common white matter damages in preterm

infants,1–3 a®ecting the nervous system similar to

Parkinson's Disease in adults.4,5 Twenty-two percent

of premature infants show PWMD, and the symp-

toms are cognitive, neuromotor or a visual im-

pairment, and even develop into cerebral palsy in the

later stages.6 These symptoms are not evident in the

neonatal period, so the best treatment period is

easily missed. Therefore, converting undetectable

clinical signs into quanti¯able results to analyze and

predict the development of PWMD by related med-

ical image processing methods is crucial for disease

treatment and neurodevelopment.

The lesion of PWMD is relatively clear on

T1-weighted Magnetic Resonance Imaging (T1MRI),

showing the center of the semi-oval, lateral ventricle,

cluster, or linear T1 high signals. Meanwhile, the ce-

rebral white matter nerve ¯ber tracts from Di®usion

Tensor Magnetic Resonance Imaging (DT-MRI, re-

ferred to as DTI) can be related to movement and

cognition. The status of neonatal PWMD can be an-

alyzed and predicted by the damage to nerve ¯ber

tracts. Therefore, the image fusion technique of DTI

and T1 MRI is used to research and analyze neonatal

PWMD, combining theDTI tractography results with

the lesions in T1MRI. However, because the collection

of neonatal DTI is more complex, the resolution is

much lower than the T1 MRI, which is not conducive

to the registration with the T1 MRI. And the DTI

tractography results are not precise enough because

the development of neonatal ¯ber tracts is incomplete.

To solve the above-mentioned problems, the image

super-resolution technique is used for DTI to improve

the resolution and the tractography results.

Moreover, the fusion of DTI and T1 MRI is usu-

ally performed by image registration. But there are

few methods of this multi-modality image registra-

tion since DTI is a tensor image, while T1 MRI is a

scalar image. Therefore, a new streamline of neonatal

PWMD analysis based on DTI super-resolution and

multi-modality image registration is proposed.

DTI super-resolution algorithms can be divided

into two categories. The ¯rst is the traditional tensor

interpolation algorithm, and the other is the super-

resolution method based on learning. Di®erent from

general scalar image interpolation, the tensor inter-

polation of DTI is much more complicated. Several

tensor interpolation methods have been proposed.

For example, tensor interpolation method based on

tensor component form,7 improved bilinear tensor

interpolation method based on image grant features

of the tensor ¯eld, and tensor interpolation method

based on tensor eigenvalues and eigenvectors. These

Euclidean space tensor interpolation methods can be

calculated, but the swelling and nonpositive de¯nite

e®ects of the interpolated tensor may be caused.8,9

The tensor interpolation method for medical images

based on Riemann space10 can avoid these defects,

but the calculation is too complicated and takes a

long time. In recent years, the development of super-

resolution methods for medical images based on

learning has been proposed more and more rapid-

ly.11–15 This kind of method has a good e®ect on

general images. However, directly applying these

networks to DTI tensors will also quickly cause the

defects described above and cannot guarantee the

consistency and the directions of the tensors. At the

same time, the network's training model needs a

large amount of data, which is hardly obtained.

There are also many technologies worth paying

attention to in the problem of medical image over-

fraction. In 2009, Jiang et al.16 proposed a method

to achieve 3D high resolution di®usion Brain

tensor image reconstruction of moving objects. In

Y. Wang et al.

2450001-2

In
t. 

J.
 N

eu
r.

 S
ys

t. 
20

24
.3

4.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 B

R
U

N
E

L
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
04

/0
1/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



2011, Estanislao et al.17 presented a method for

reconstructing di®usion-weighted MRI data on

regular grids from scattered data. Next year, Benoit

et al.18 proposed a super-resolution reconstruction

(SRR) technique for di®usion-weighted imaging

(DWI) that overcomes limitations in spatial resolu-

tion by acquiring multiple anisotropic orthogonal

scans and correcting for geometric distortions and

patient motion. In 2019, Maria et al.19 presented a

novel method for higher order reconstruction of fetal

di®usion MRI signal that enables detection of ¯ber

crossings.

The tensor interpolation method based on Log-

Euclidean space is a reasonable extension of the

Riemann space interpolation method.20,21 In Rie-

mann space, the cone of a positive de¯nite symmetric

matrix is regarded as a standard and complete

manifold; the swelling e®ect and nonpositive

substantial e®ect can be overcome on this manifold,

but the calculation is extensive. In 2004 and 2006,

based on Riemann's space theory, Arsigny et al.20,21

proposed DTI interpolation in Log-Euclidean space,

which can also guarantee the constraint property of

tensor and simplify the calculation in Riemannian

space. In 2008, Fillard et al.22 proposed a linear in-

terpolation method based on Riemannian space.

However, the interpolation process will damage the

tensor anisotropy.23 Therefore, since the tensor in-

terpolation method based on Log-Euclidean space

not only inherits the advantages of the Riemann

space tensor interpolation algorithm but also signif-

icantly reduces the computational complexity, the B-

spline tensor interpolation method based on Log-

Euclidean space is chosen in this paper to eliminate

swelling e®ect and nonpositive de¯nite e®ect and

also reduced computing time and complexity.

For the registration of DTIs and T1 MRIs, several

registration methods of DTIs and T1 MRIs have

been proposed. For example, Symmetric Di®eo-

morphic (referred to as Syn) registration of DTIs,

T1 MRIs and Cerebral Blood Flow (referred to as

CBF) MRIs,24 and the registration of DTIs and T1

MRIs based on Mutual Information (referred to as

MI), which uses DTIs as the constraint condition of

T1 images in deformation tensor morphometry.25

For other multi-modality image registration algo-

rithms,26 there are DTI multi-channel image

registration algorithms based on di®eomorphic

demons registration (referred to as demons),27 the

registration algorithm of DTIs and fMRIs based on

Large Deformation Di®eomorphic Metric Mapping

(referred to as LDDMM),28 learning rigid image

registration of T1 and T2 MRIs with convolutional

neural networks,29 deep learning-based inter-modal-

ity image registration of MRI and Computed

Tomography (CT) images supervised by intra-mo-

dality similarity,30 an Adversarial Image Registra-

tion Network (AIR-Net) based on GANs to deal with

in°exible registration of MRIs and transrectal ul-

trasound (TRUS) images,31 a 3D nonrigid registra-

tion of PET and CT images based on unsupervised

deep learning,32 a translation-based unsupervised

deformable image registration of CT and MRIs,33 a

geometry-consistent adversarial unsupervised multi-

modality registration of T1 and T2 MRIs as well as

MRI and CT.34

However, the methods using neural network need

many image data as the training set. This paper's

data set is too small to use a neural network as the

registration method.

Meanwhile, these registration algorithms use

Fractional Anisotropy (referred to as FA) images for

image registration instead of other derivative images

of DTI. Therefore, to compare which modality of

DTI derivative image is better for the registration

with T1 MRI, ¯ve derivative images of DTI (in-

cluding FA, MD, MD-in, b0, b0-in) are tested in this

paper. The best derivative image b0-in of DTI is

selected as the multi-modality image registration

algorithm needed.

In summary, a new streamline of neonatal

PWMD analysis based on DTI super-resolution and

multi-modality image registration is proposed in

this paper. PWMD can be e®ectively analyzed in

this way.

2. Method

The main °owchart of the whole pipeline is shown in

Fig. 1. First, DWIs were pre-processed and DTIs

were estimated. Second, the B-spline tensor inter-

polation method based on Log-Euclidean space was

used for DTI super-resolution. Next, the Syn regis-

tration method was performed between the corre-

sponding DTIs and T1 MRIs for each subject. The

deformation ¯elds obtained from the registration

Neonatal White Matter Damage Analysis
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were applied to the high-resolution DTIs by ANTs

(http://stnava.github.io/ANTs/). Thus, the regis-

tered DTIs were generated and 15 corresponding

regions of interest (ROIs) could be marked. Then,

¯ber tractography on each ROI was performed. Fi-

nally, 3D lesion models were drawn on T1 MRIs and

combined with the ¯ber tracts to observe their spa-

tial relationship.

2.1. Materials

Corresponding DTIs and T1 MRIs of 10 neonates

with PWMD are from the Department of Radiology

in the First A±liated Hospital of Xi'an Jiaotong

University in China. A GE 3.0T SignaHDxt MRI

scanner was used. All the data are selected in good

shape, free from motion artifacts. The speci¯c scan-

ning parameters of the DTI data are as follows: 30

gradient directions, b values are 0 and 600 s/mm2,

TR ¼ 11000ms, TE ¼ 69:5ms, the layer thickness is

2.5mm, in-plane resolution of 0:703� 0:703mm2,

continuous scanning without gaps, Field of View

(FOV) is 180� 180mm2, the matrix is 128� 128,

resulting in the DTI resolution is 256� 256� 44. For

T1 MRIs, TR ¼ 10:18ms, TE ¼ 4:62ms, the in-

plane resolution is 0:731� 0:731mm2, the layer

thickness is 1mm, continuous scanning without

gaps, FOV ¼ 240� 240mm2, the matrix is

128� 128, resulting in the T1 MRI resolution of

256� 256� 108.

2.2. Pre-processing

In data preprocessing, the DWIs were performed with

the correction of gradient ¯eld inconsistency and eddy

current. After this, the skull portion in the image was

removed, leaving only the brain tissue area, and the

brain mask was calculated. These steps were com-

pleted by FSL (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/)

with default parameters. Finally, tensor estimation

was performed by DTI-TK (http://dti-tk.sourceforge.

net/pmwiki/pmwiki.php) to obtain the DTI.

2.3. DTI super-resolution

Currently, widely used interpolation algorithms for

DTI super-resolution are based on Euclidean space,

which causes the swelling e®ect and nonpositive

de¯nite e®ect of the interpolation tensor.35,36 Non-

positive actual e®ect: after interpolation, the eigen-

value of the interpolated tensor matrix may be zero

or negative, which does not meet the requirement of

positive-de¯nite of the matrix. This e®ect will make

it challenging to visualize tensor ¯elds. Nonpositive

de¯nite tensor also has no real physical meaning in

image processing. Swelling e®ect: in the Euclidean

space, the interpolated tensor matrix, calculated by

the weighted sum of two tensors, always has a larger

matrix determinant than another tensor matrix. The

swelling e®ect means that the dispersion of random

variables corresponding to the interpolation tensor is

larger than that of another tensor which is intuitively

incompatible with physical meaning.

2.3.1. DTI interpolation based on Riemann space

Fillard22 and Pennec10 proposed a new metric that

endows the tensor space with a±ne-invariant

Fig. 1. Flowchart of the experiment. First, inverse b0
image derived from the super-resolved DTI is registered to
the T1 image to obtain the deformation ¯eld, which acts on
the super-resolved DTI. Then, ¯ber tractography is per-
formed on registered DTI, and 3D lesions on T1 image are
modeled. Finally, the ¯bers and the lesions are mapped to
the same space for quantitative analysis.

Y. Wang et al.
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Riemannian metrics to overcome this de¯ciency. It

leads to strong theoretical properties: the positive

de¯nite symmetric matrices cone is replaced by a

regular and complete manifold without boundaries

(null eigenvalues are at in¯nity). In this metric, the

interpolation tensor between two tensors is obtained

by its linear interpolation on the shortest geodesic.

For a±ne invariant metrics, the distance between a

symmetric matrix with negative eigenvalues and zero

eigenvalues and any tensor is in¯nite. Therefore, this

method can avoid the appearance of nonpositive

eigenvalues. Although the swelling e®ect and non-

positive de¯nite e®ect are avoided, the amount of

interpolation calculation required is much more than

other methods.

2.3.2. DTI interpolation based on
Log-Euclidean space

Arsigny et al.20 proposed a Log-Euclidean space for

tensor interpolation to overcome the computational

constraints in Riemann space. This method trans-

forms all the computations of tensor matrices into

the calculation of vectors without any unnecessary

complexity and dramatically reduces the computa-

tion. And it also can avoid the swelling e®ect and

nonpositive de¯nite e®ect. It is one of the most

classical metrics in tensor computing.

2.3.3. B-spline DTI interpolation based on
Log-Euclidean space

With the research of a±ne invariant metrics in Rie-

mann space and Log-Euclidean space, more and

more interpolation methods can be used for DTI

interpolation. Barmpoutis et al.37 extended the in-

terpolation method of B-spline in vector value image

to tensor image interpolation and proposed B-spline

interpolation of tensor image based on Riemann

metric.

Suppose there are N di®usion tensors on a

one-dimensional grid ðD1;D2; . . . ;DNÞ and then in-

terpolate between these N tensors. In linear interpo-

lation, the interpolated point can be simply computed

by computing the points on a geodesic connecting two

continuous tensors. In higher dimensional space, a

series of control points and node vectors are needed for

interpolation. For B-spline interpolation in k� 1

times tensor space, there should beN þ k� 2 control

points ðA0;A1; . . . ;ANþk�3Þ and N þ 2ðk� 1Þ nodes

ðB�kþ1;B�kþ1; . . . ;BNþk�2Þ. For tensor DðuÞ,
u 2 ½uj;ujþ1Þ, B-spline interpolation based on Log-

Euclidean space is chosen for DTI interpolation.

B-spline curve equation in Log-Euclidean space is

given by

DðuÞ ¼
Xn
j¼0

~AjBj;kðuÞ: ð1Þ

~Aj represents the control point tensor in Log-

Euclidean space. In this space, cubic B-spline is

chosen for DTI interpolation because cubic B-spline

is precise enough and requires moderate computa-

tion. According to the properties of the B-spline

curve, the cubic B-spline ðk ¼ 3Þ curve equation of

tensor in Log-Euclidean space is given by

DðuÞ ¼ exp
1

6
ð u3 u2 u 1 ÞM�

logðD0Þ
logðD1Þ
logðD2Þ
logðD3Þ

0
BBB@

1
CCCA

0
BBB@

1
CCCA

0
BBB@

1
CCCA;

ð2Þ

M� ¼
�1 3 �3 1

3 �6 3 0

�3 0 3 0

1 4 1 0

0
BB@

1
CCA: ð3Þ

The B-spline curve in Log-Euclidean space is ex-

tended to the B-spline surface, and the B-spline

surface equation of the two-dimensional tensor space

is given by

Dðu; vÞ ¼ exp
1

36

u
3

u
2

u

1

0
BBBBB@

1
CCCCCA

T

M�

0
BBBBB@

�

logðD0;0Þ logðD0;1Þ logðD0;2Þ logðD0;3Þ
logðD1;0Þ logðD1;1Þ logðD1;2Þ logðD1;3Þ
logðD2;0Þ logðD2;1Þ logðD2;2Þ logðD2;3Þ
logðD3;0Þ logðD3;1Þ logðD3;2Þ logðD3;3Þ

2
666664

3
777775

� MT
�

v3

v2

v

1

0
BBBB@

1
CCCCA

1
CCCCA
: ð4Þ

For the interlayer interpolation of DTI, cubic

B-spline curve equations in Log-Euclidean space for

DTI interpolation and the interpolated tensor can be

Neonatal White Matter Damage Analysis
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obtained by interpolating the four surrounding

tensors. For the layer interpolation of DTI, cubic

B-spline surface equations in Log-Euclidean space for

DTI interpolation and the interpolated tensor can be

obtained by the interpolation of the 16 surrounding

tensors. Because of the high order continuity of the

B-spline, unlike some other interpolation methods

that can produce jagged or abrupt changes, B-splines

of order n are continuous up to n� 1 derivatives.

This makes the resulting interpolation smooth and

helps in eliminating n-frequency noise from the ten-

sor image.

2.4. Registration of DTI and T1 MRI

T1 images are scalar images, while DTI images are

tensor images. Registration of di®erent modality

images is complex. DTI derivative images are scalar

images, so they can be selected for registration with

T1 MRI. However, the registration results between

di®erent DTI derivative images and T1 MRI are

normally di®erent. It is still an open question on

which DTI derivative image is the best for the reg-

istration of DTI and T1 images. FA image, Mean

Di®usion (referred to as MD) image, and b0 image

derived from DTI were chosen for DTI and T1 MRI

registration in this paper. In the MD image and b0

image, cerebrospinal °uid shows a high signal and

white color, which is the opposite of T1 MRI.

Therefore, the MD image and b0 image were pro-

cessed by inverse gray transformation, named

MD-inverse (referred to as MD-in) image and b0-

inverse (referred to as b0-in) image, which makes

cerebrospinal °uid show low signal and gray color.

After this processing, the MD-in image and b0-in

image are similar to T1 MRI, so that they can be

used for DTI and T1 MRI registration.

We selected six widely used scalar-based regis-

tration methods for comparative experiments. A±ne

registration,38,39 Rigid registration,40 B-spline regis-

tration,41 Elastic registration,42 Demons registra-

tion43 and Syn44 registration. And there were ¯ve

kinds of DTI derivative images being used for regis-

tration as previously stated. The overlap rate and

error rate were used to evaluate the registration

results. Visual evaluation was used as an aid. Since

the punctate lesion of PWMD is located on the T1

image, the location of the lesion needs to be accurate

and cannot be changed. Therefore, in this paper,

the T1 MRIs were used as the ¯x images, and DTIs

were registered to T1 images. The experimental

procedure of the registration part is shown in Fig. 2.

After the registration, a deformation ¯eld was

obtained, which was then applied to the high-

resolution DTI. Thus, a registered DTI could be

obtained.

2.4.1. T1 MRI mask making

DTI mask can be generated automatically during

DTI preprocessing. However, the neonatal brain is

not fully developed, and there is no apparent sepa-

ration between the brain tissue and the skull. In

addition, the artifact of neonatal data collection is

signi¯cant, resulting in the mask's low accuracy

generated by neonatal T1 MRI. To generate a more

accurate T1 MRI mask, T1 MRI was selected as the

template to register the b0 image, and the generated

deformation ¯eld was applied to the DTI mask to

obtain a more accurate T1 MRI mask. This T1 MRI

mask can be used as input in registration. Figure 3

shows the mask of two images.

2.4.2. Evaluation metrics

We selected two overlapping rates to evaluate the

overall brain registration accuracy of multi-modality

image registration. The quantitative indexes mea-

sure expressed as the degree of overlap between the

Fig. 2. Syn registration algorithm and DTI derivative
images.

Y. Wang et al.
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template image and the image volume after regis-

tration. The ¯rst quantitative index is Template

Overlap (referred to as TO), which is de¯ned as the

volume of the overlapping region of the template

image and the registered image divided by the vol-

ume of the template image. The larger the TO is, the

better the registration result will be. The value range

of TO is from 0 to 1, and a value closer to 1 indicates

a better registration result. TO is given by

TO ¼ Tem
T
Mov

Tem
: ð5Þ

Tem represents the region in the template image,

that is T1 MRI. Mov is the region in the registered

image, that is registered DTI. Tem
T
Mov represents

the overlapping area of the template image and the

image after registration.

The second quantitative index is Union Overlap

(referred to as UO), de¯ned as the overlapping area

of the template image and the registered image di-

vided by the union area of the template image and

the registered image. The larger the UO is, the better

the registration result will be. The value range of UO

is from 0 to 1, and a value closer to 1 indicates a

better registration result. UO is given by

UO ¼ Tem
T
Mov

Tem
S
Mov

: ð6Þ

Fig. 3. The DTI mask generated automatically is shown
on the left, while the T1 MRI mask generated manually is
shown on the right.

Fig. 4. (Color online) Neonatal DTI with 15 ROIs. The green part is the marked ROIs, and the names of ROIs are marked
with red lines and white words.

Neonatal White Matter Damage Analysis
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To supplement the evaluation criteria in the above

equations, false-negative errors (referred to as FNE)

and False positive errors (FPE) are also calculated.

FNE is a measure of the template image region in-

correctly identi¯ed as a nontemplate image in regis-

tration. It is the region of the template image outside

the registered image divided by the region of the

template image. The smaller the FNE is, the better

the registration result will be. The value range of

FNE is from 0 to 1, and a value closer to 0 indicates a

better registration result. FNE is given by

FNE ¼ TemnMov

Tem
: ð7Þ

TemnMov represents the size of the part of the

template image that does not overlap with the reg-

istered image.

FPE is a measure of the volume outside the

template image that has been incorrectly identi¯ed

as a template image which is de¯ned as the volume

outside the template image divided by the volume of

the registered image. The value range of FPE is from

0 to 1, and a value closer to 0 indicates a better

registration result. FPE is given by

FPE ¼ MovnTem
Mov

ð8Þ

MovnTem represents the size of the part of the

image that does not overlap with the template image

after registration.

2.5. 15 ROIs

There are about 15 ROIs in DTI associated with

PWMD, namely genu, splenium, bilateral cingulum

(referred to as cg), bilateral corticospinal tract

(referred to as cst), bilateral superior thalamic radia-

tion (referred to as str), bilateral posterior thalamic

radiation (referred to as ptr), superior bilateral fas-

ciculi fronto-occipitalis (referred to as sfo) and brain

fornix (referred to as fx), superior corona radiata (re-

ferred to scr). The 15 ROIs were drawn manually by

3D Slicer (http://www.slicer.org/) as shown in Fig. 4.

3. Experiments

3.1. DTI super-resolution

To compare the di®erence between original DTI and

interpolated DTI to evaluate the e®ect of the

interpolation method, the original DTI with the

resolution of 256� 256� 44 was resampled to the

DTI with the resolution of 128� 128� 30 ¯rst. And

then, the resampled DTI was interpolated by a dif-

ferent tensor interpolation method to obtain the new

restored DTI with the resolution of 256� 256� 44.

The resolution of both original DTI and interpolated

DTI were 256� 256� 44, so they can be compared

to evaluate di®erent tensor interpolation methods.

The interpolated results of the four methods are

shown in Fig. 5. Four interpolation methods were

tested, including Linear interpolation based on Eu-

clidean space (EU-L), B-spline interpolation based

on Euclidean space (EU-B), Linear interpolation

based on Log-Euclidean space (LE-L) and B-spline

interpolation based on Log-Euclidean space (LE-B).

It can be seen from Fig. 5 that the DTI edge

becomes rough after the down-sampling, and each

part is jagged due to the reduction of resolution.

Four di®erent interpolation methods were used to

interpolate the DTI after the reduction of

sampling. The DTI edge of EU-L DTI is fuzzy and

jagged. In EU-B DTI, a series of error interpolation

tensor points appear outside DTI, but the other part

is smooth. In LE-L DTI, the interpolated edge is

smoother, but each part still has some serration. In

LE-B DTI, the interpolated edge and each part in

DTI are relatively smooth, and there is no problem

with many false interpolation tensor points in EU-B.

The genu in interpolated DTI was magni¯ed for

observation, as shown in Fig. 6. It can be seen that

the genu of down-sampling DTI becomes fuzzy and

jagged. The genu in EU-L and LE-L DTI are still

relatively fuzzy, and the optimization e®ect of in-

terpolation is very low compared with the down-

sampling DTI. The genu in EU-B and LE-B DTI are

relatively clear and smooth, which is very close to

genu in original DTI. Therefore, the e®ect of the B-

spline interpolation method based on Log-Euclidean

space is the best.

The DTI ¯ber tractography results in di®erent

ROIs are the focus of this paper, so the ¯ber trac-

tography results of genu, splenium, str and ptr before

and after interpolation in 10 subjects are selected.

The average FA values of 10 subjects of DTI ¯ber

tractography results are calculated and shown in

Table 1. The best results on each column in the table

are shown in bold.

Y. Wang et al.
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It can be seen from Table 1, the FA values of DTI

¯ber tractography results of EU-L and LE-L are

signi¯cantly decreased. The FA values of DTI ¯ber

tractography results of EU-B and LE-B decrease less,

and LE-B is the closest to the original data on the

whole. Therefore, the anisotropy of interpolated DTI

is well maintained with LE-B.

Three kinds of DTI derivative images, FA image,

Mode image and RA image, were chosen to analyze

the derivative images of interpolated DTI and

original DTI by the Mean Square Error (MSE). MSE

represents the mean of the sum of squares of errors at

the corresponding points between the interpolated

DTI and the original DTI. The results are shown in

Table 2. The best results on each column in the table

are shown in bold.

The smaller is the MSE, the smaller the di®erence

between the interpolated DTI and the original DTI

will be. It can be seen from Table 2, the interpolated

results of LE-B were the best on the whole, and the

interpolated results of EU-B were the worst.

The above interpolation operation is to interpo-

late the down-sampling DTI to the same resolution

as the original DTI. The only purpose is to evaluate

and analyze the interpolation algorithm by compar-

ing the di®erence between the original DTI and the

interpolated DTI, and the conclusion is that B-spline

tensor interpolation based on Log-Euclidean space is

the best. However, this paper aims to interpolate the

original DTI to the same resolution as T1 MRI. After

interpolation, the DTI resolution was greatly

Fig. 5. (Color online) Four interpolation results of EU-L, EU-B, LE-L and LE-B. (The color of DTI is encoded according to
the principal eigenvectors direction of each tensor in the manner that follows the default setting of 3D Slicer. Red represents left
and right direction; Green represents anterior and posterior direction; Blue represents superior and inferior direction.)

Fig. 6. Genu in four interpolated DTIs. The ¯rst one is
original DTI, the second one is resample DTI, the last four
pictures show four di®erent interpolation results.
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improved, and the ¯ber tractography results were

optimized.

The resolution of original DTI was 256� 256�
44. It was low, and the ¯ber tractography result was

poor. After the above analysis, the B-spline inter-

polation method based on Log-Euclidean space was

selected to interpolate the original DTI, and the

resolution of interpolated DTI was increased to 256

�256� 108 as the resolution of T1 MRIs.

Splenium, genu, str and ptr were selected as

examples. The streamlined ¯ber tracking was also

performed by 3D Slicer. The ¯ber tractography

results of original DTI and interpolated DTI were

used to compare the changes. The ¯ber tractography

results of healthy adults were provided as a refer-

ence. The results are shown in Fig. 7.

It can be seen that the ¯ber tractography results

of DTI interpolated by B-spline interpolation meth-

od based on Log-Euclidean space was optimized,

which is close to the ¯ber tractography results of DTI

adult, especially splenium and ptr.

3.2. Registration of DTI and T1 MRI

The registration results between ¯ve super-resolved

DTI-derived images (b0, FA, MD, b0-in, MD-in

images) and T1 MRI are shown separately in Fig. 8.

From b0 image and FA image registration results, it

can be seen that genu is almost invisible on the same

slice. For MD image, MD-in image and b0-in image

registration results, genu was clearer on the same

slice. Therefore, it can be seen that the registration

results of the MD, MD-in and b0-in images were

better than those of the b0 and FA images, among

which the results of the FA image were the worst.

However, all the subjects in this study were neo-

nates with suspected PWMD. Because neonatal

brain development is incomplete, and the white

matter ¯ber bundles are thin and do not have

completely myelin, most of the multi-modality image

registration evaluation criteria are only applied to

adult DTI data. Therefore, in this paper, TO, UO,

FNE and FPE of the registered DTI and T1 images

were selected to evaluate the results of multi-

modality image registration.

In this experiment, 5 DTI derived images and 6

di®erent registration algorithms were used for the

registration of 10 newborn subjects. And the TO,

UO, FNE and FPE of registration results were av-

eraged to evaluate the registration results. The

results are shown in Table 3–6.
The best results on the horizontal axis in each

table are shown in bold and the best values on the

vertical axis were underlined. From the results, it can

be found that the Syn algorithm had the largest

number of optimal values (i.e. values marked with

underline). Additionally, the b0-in images had the

largest number of optimal values (i.e. values

highlighted in bold). Although not everymetric in this

combination was optimal, there was no other combi-

nation that outperforms this combination overall.

In summary, the best derived image was b0-in

image, and the best registration algorithm was Syn

algorithm. Therefore, b0-in image and Syn registra-

tion algorithm were used for the registration of T1

MRI and DTI in this paper. T1 MRIs was taken as

templates, and the corresponding T1 mask was cal-

culated. The b0-in image was used for registration.

The deformation ¯eld was applied to the original

interpolated DTI, and the tensor was reoriented to

obtain the ¯nal registered DTI. The results are

shown in Fig. 9. From left to right: T1 MRI, b0-in,

and the ¯nal registered DTI.

3.3. Neonatal PWMD analysis

3.3.1. T1 MRI lesion model construction

In the case of one neonatal T1 MRI suspected

to have PWMD, refer to Fig. 10, which includes

Table 1. The average FA values of interpolated DTI ¯ber
tracts.

splenium genu str ptr

original 0.4785 0.3970 0.2832 0.3394
EU-L 0.4047 0.3434 0.2410 0.2886
EU-B 0.4651 0.3732 0.2649 0.3241
LE-L 0.4201 0.3439 0.2299 0.3001
LE-B 0.4607 0.3797 0.2694 0.3260

Table 2. MSE comparison of inter-
polated DTI and original DTI.

FA Mode RA

EU-L 0.0049 0.0496 0.0011
EU-B 0.0406 0.0583 0.0239
LE-L 0.0033 0.0445 0.0076
LE-B 0.0032 0.0386 0.0068

Y. Wang et al.
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two di®erent T1 MRI images. The lesions on T1

MRI were sketched manually, and the three-di-

mensional model of the lesions was constructed, as

shown in Fig. 11. For the convenience of analysis

and observation, the 3D model of the lesion can be

divided into six parts for analysis as shown in

Fig. 12. The 3D model of the lesion was analyzed

with the results shown in Table 7.

3.3.2. Fiber tractography results and
PWMD analysis

The DTIs (interpolated and registered previously)

and generated 15 ROIs were used for ¯ber tracto-

graphy. In addition, the ¯ber tracts were combined

with the 3D lesion model generated above, and the

position relationship was observed and analyzed, as

shown in Fig. 13.

It can be seen that the ¯ber tracts of r-ptr, r-sfo,

r-scr, r-cst and r-str were close to the lesion model,

where r-scr, r-sfo and r-cst intersect with the lesion.

The degree of ¯ber tract damage with PWMD can be

estimated from the proportion of ¯ber tracts a®ected

by the PWMD lesion model to total ¯ber tracts, and

the results are shown in Table 8.

4. Discussion

In this paper, a new streamline technique of neonatal

PWMD analysis based on DTI interpolation and

multi-modality image registration was proposed.

The algorithms included B-spline interpolation

based on Log-Euclidean space, multi-modality image

registration of DTI and T1 MRI, and analysis of the

in°uence of PWMD lesion on ¯ber tracts. DTI in-

terpolation and multi-modality registration algo-

rithm were e®ective and may predict and analyze

PWMD. The entire algorithmic process takes only

several minutes on a general-used computer.

PWMD is one of the most common white matter

damages. Therefore, converting undetectable

clinical symptoms into quanti¯able results to analyze

and predict PWMD using related medical image

processing methods is crucial for disease treatment,

neurodevelopment, and possible future methods.

Because the acquisition of neonatal DTI is com-

plex, the resolution is much lower than T1 MRI,

which is not conducive to the registration of T1

images, and the development of neonatal white

matter nerve ¯ber tracts is not complete; the

obtained results of ¯ber tractography are poor. To

solve this problem, the super-resolution method can

be adopted for neonatal DTI to improve the resolu-

tion of DTI, facilitate the realization of registration,

and help improve the results of DTI ¯ber tracto-

graphy. In addition, T1 images need to be registered

with DTI to fuse the lesions in T1 images with the

nerve ¯ber tracts of DTI; since DTI is a tensor image

and T1 images are scalar images, the registration is

complex because the DTI has a variety of scalar

derivative images that can be used with T1 image

registration.

Therefore, a new method was proposed to

analyze neonatal white matter injury based on DTI

Fig. 7. (Color online) The nerve ¯ber tractography
results of original DTI, interpolated DTI, and adult DTI.
The images from top to bottom are genu, splenium, str and
ptr. (Di®erent from the color encoding of DTIs, the color of
the ¯ber bundle is encoded according to the FA value in
the manner that also follows the default setting of 3D
Slicer. The closer the color is to blue, the larger the FA
value.)

Neonatal White Matter Damage Analysis

2450001-11

In
t. 

J.
 N

eu
r.

 S
ys

t. 
20

24
.3

4.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 B

R
U

N
E

L
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
04

/0
1/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



super-resolution and multi-modal image registration.

In this paper, a B-spline interpolation method based

on Log-Euclidean space was implemented for neo-

natal DTI super-resolution, and the three times

B-spline interpolation method of Euclidean space

was applied to Log-Euclidean space, which is suit-

able for tensor calculation. The interpolation method

ensures the essential characteristics of the tensor,

avoids the swelling e®ect and nonpositive de¯nite

e®ect of the interpolation tensor, and improves the

Table 3. The TO average.

FA MD MD-in b0 b0-in

A±ne 0.8691 0.8829 0.8875 0.8842 0.8976
Rigid 0.8827 0.8931 0.8904 0.8918 0.8969
Bspline 0.8717 0.8981 0.9052 0.8868 0.9073
Elastic 0.8885 0.8976 0.9109 0.8905 0.9117
Demons 0.8834 0.8954 0.9099 0.8897 0.9047
Syn 0.8950 0.9185 0.9310 0.9098 0.9284

Table 4. The UO average.

FA MD MD-in b0 b0-in

A±ne 0.8240 0.8412 0.8384 0.8339 0.8402
Rigid 0.8175 0.8420 0.8410 0.8303 0.8445
Bspline 0.8283 0.8399 0.8438 0.8350 0.8464
Elastic 0.8304 0.8412 0.8444 0.8316 0.8440
Demons 0.8330 0.8373 0.8427 0.8303 0.8452
Syn 0.8359 0.8401 0.8467 0.8381 0.8469

Table 5. The FNE average.

FA MD MD-in b0 b0-in

A±ne 0.1182 0.1003 0.1012 0.1186 0.0979
Rigid 0.1161 0.1048 0.1027 0.1165 0.0968
Bspline 0.0822 0.0939 0.0924 0.0852 0.0853
Elastic 0.0924 0.0826 0.0806 0.0823 0.0738
Demons 0.0969 0.0804 0.0809 0.0880 0.0795
Syn 0.0918 0.0692 0.0686 0.0717 0.0685

Table 6. The FPE average.

FA MD MD-in b0 b0-in

A±ne 0.0989 0.1077 0.1091 0.1207 0.0955
Rigid 0.1005 0.1105 0.1119 0.1142 0.0984
Bspline 0.0986 0.1034 0.1048 0.1134 0.0940
Elastic 0.1000 0.1131 0.1074 0.1090 0.0947
Demons 0.0977 0.1068 0.1060 0.1115 0.0936
Syn 0.1008 0.1098 0.1010 0.1105 0.0944

(a) registration with b0 (b) registration with FA (c) registration with MD

(d) registration with b0-in (e) registration with MD-in

Fig. 8. Registration results between ¯ve DTI-derived images and T1 MRIs with Syn algorithm in the same slice; the white box
is the region of genu.

Y. Wang et al.

2450001-12

In
t. 

J.
 N

eu
r.

 S
ys

t. 
20

24
.3

4.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 B

R
U

N
E

L
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
04

/0
1/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



tensor information of the neonatal DTI, making the

results of nerve ¯ber tractography richer and more

accurate.

Subsequently, Syn registration method was used

to register ¯ve derivative images of DTI (FA, MD,

b0, MD-in, and b0-in images). The evaluation in-

dexes based on vision and overlap rate were selected

to evaluate the registration results. The results

showed that the b0-in image had the best e®ect.

Finally, the T1 MRI lesions were 3D modeled, and

the neonatal DTI containing 15 ROIs was made and

used for DTI ¯ber tractography.

By mapping the results of ¯ber tractography with

the lesion model in the same space, the parameters of

the lesion model and the degree of in°uence on the

¯ber tracts were calculated. And the damage situa-

tion of neonatal PWMD was analyzed, which can

e®ectively be provided for the diagnosis and predic-

tion of PWMD. Although the registration method

used in this paper is the state of the art for the multi-

modality (DTI and T1 MRI) registration, errors

cannot be completely avoided, which may a®ect the

values of damage degree of ¯ber tracts, but will not

a®ect much on what ¯ber tracts are close to the

damages. The prediction of how the damages will

a®ect the development of nervous system is mainly

based on the closest ¯ber tracts instead of the dam-

age degree.

In the experiment, it was found that some essen-

tial ¯ber tracts of the neonates had no myelin sheath

and could not be displayed by interpolation, making

the experimental results imperfect. Regarding regis-

tration, the e®ect of using the T2 image as the me-

dium to register the T1 image with DTI should be

the best. However, there is no T2 image in the data,

so the registration results need improvement. Over-

all, according to the existing data and actual

Fig. 9. Registration results. The left two pictures show the T1 MRI and b0-in used in the registration process, and the third
picture shows the registration result.

(a) (b)

Fig. 10. (Color online) Lesions in two di®erent neonatal
T1 MRI images. The lesions are in a red rectangle, which is
very clear.

Fig. 11. (Color online) 3D model of lesions. The lesions
were marked with green.

Neonatal White Matter Damage Analysis

2450001-13

In
t. 

J.
 N

eu
r.

 S
ys

t. 
20

24
.3

4.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 B

R
U

N
E

L
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
04

/0
1/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



situation, the method in the paper can provide

practical help for the early analysis of neonatal

PWMD.

From Fig. 13 and Table 8, it can be inferred that

the lesions have a great in°uence on the closest ¯ber

tracts, e.g. r-sfo, r-scr and r-cst. Among them, r-cst

and r-scr are projection ¯bers, which are ascending

and descending ¯bers connecting cerebral cortex and

subcortical structures. The main function of cst is

autonomic movement control of the body and limbs,

and r-cst damage may lead to movement disorder,

limb paralysis and paraplegia in patients. At the

same time, cst is also a projection ¯ber through the

internal capsule. scr is the radial ¯brous white mat-

ter between the internal capsule and the cerebral

cortex. The internal capsule is one of the important

structures in the cerebral hemispheres, and is where

the projection ¯bers of the cerebral cortex link

thalamus, brainstem, and spinal cord are dense.

Therefore, small lesions in the internal capsule

area may cause serious obstacles to the movement

and sensation of the contralateral half of the body.

When hemorrhage or infarction occurs in this area of

the neonatal, there may be loss of sensation of con-

tralateral de°ection in the future, spastic paralysis of

the contralateral half of the body, and contralateral

hemianopia in both eyes. When one side is damaged,

the lesion contralateral lower limb is obviously

clumsy. When walking, the patient often steps out-

ward excessively. sfo is the association ¯bers between

frontal lobe and occipital lobe. r-sfo is also in°uenced

greatly by the lesions, so there may be some barriers

in listening, speaking, reading and writing in this

neonate. The above speculation about neonatal

¯ber bundle damage will be veri¯ed by following

the patient's condition as much as possible in the

future. This is an example of the PWMD analysis

method based on the B-spline interpolation method

Fig. 12. (Color online) Six parts of the 3D lesion model. In each image, the lesions were marked with di®erent colors to
distinguish it from the surrounding grayscale image.

Table 7. The average FA values of interpolated DTI ¯ber tracts.

a b c d e f

slice 69-70 71-72 71-72 72-74 73-79 73-76

lesion super¯cial area (mm2) 17.80 16.87 21.56 30.74 126.0 7.87

lesion volume (mm3) 6.13 5.49 7.53 13.57 65.93 1.51
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in Log-Euclidean space and multi-modality regis-

tration algorithm for the analysis and prediction of

neonatal PWMD, so as to better monitor, analyze,

predict and diagnose related symptoms.

5. Conclusions and Future Directions

We propose a new streamline technique of neonatal

PWMD analysis based on DTI super-resolution and

multi-modality image registration. The three times

B-spline interpolation based on the Log-Euclidean

space was used for neonatal DTI super-resolution,

improving its resolution and facilitating nerve ¯ber

tractography. Syn registration algorithms and ¯ve

DTI derivative images (FA, MD, b0, MD-in, and b0-

in images) were selected for multi-modality image

registration of DTI and T1 MRI. The results showed

that the b0-in images were the best. The DTI and T1

MRI were registered using this method, 3D lesions

model on T1 MRI was made, and the neonatal DTI

with 15 ROIs was built for individual DTI ¯ber

tractography results. The 3D lesion model was

combined with ¯ber tractography results to analyze

and predict the degree of PWMD lesion a®ecting

nerve ¯ber tracts. This method may play an essential

auxiliary role in diagnosing and treating neonatal

PWMD.

Because the sample size used in this paper is too

small to use deep learning-based method, a large

number of data will be collected in the future, and

then deep learning will be used as a further research

direction.
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Table 8. The damage degree of ¯ber tracts.

Total Damaged tracts Damage degree
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