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Early Registration of Diffusion Tensor Images for
Group Tractography of Dystonia Patients

An Vo, PhD,1 Miklos Argyelan, MD,1 David Eidelberg, MD,1 and Aziz M. Uluǧ, PhD1,2*

Purpose: To make a group comparison of diffusion tensor
imaging (DTI) results of dystonia patients and controls to
reveal occult pathology. We propose using an early regis-
tration method that produces sharper group images and
enables us to do group tractography.

Materials and Methods: Twelve dystonia patients mani-
festing the disease, seven nonmanifesting dystonia muta-
tion carriers (DYT1 and DYT6 gene mutations), and eight
age-matched normal control subjects were imaged for a
previous study. Early and late registration methods for
DTI were compared. An early registration technique for a
super set was proposed, in which the diffusion-weighted
images were registered to a template, gradient vectors
were reoriented for each subject, and they were combined
into a super set before tensor calculation. The super set
included images from all subjects and was useful for
group comparisons. We used results obtained from the
early registration of a super set for group analysis of
tracts using the deterministic fiber-tracking technique.

Results: In dystonia mutation carriers, we detected fewer
fibers in the cerebello-thalamo-cortical pathways. This
result agrees well with the findings of a previous study
that utilized a probabilistic tractography method and
demonstrated that gene carriers have less fiber tracts in
the disease-involved pathway.

Conclusion: This analysis visualized group level white
matter fractional anisotropy and tract differences between
dystonia patients and controls, and can be useful in
understanding the pathophysiology of other nonfocal
white matter diseases.
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DIFFUSION TENSOR IMAGING (DTI) has been used
extensively to visualize the white matter tracts. Based
on the assumption that white matter fiber tracts are
oriented along the direction of greatest diffusion,
fiber-tracking follows the major eigenvector of diffu-
sion tensor (1–6) and provides information about ana-
tomical connectivity between regions in the brain. The
group analysis of white matter tracts has been more
difficult. The underlying vector field that is the basis
for the tractography may yield incorrect tracts if the
registration to a common template which is necessary
for group analysis is done directly on the vector field.

Probabilistic tractography (7) and tract-based spa-
tial statistic (TBSS) (8) have been developed for group
analysis. TBSS uses spatial skeletons that represent
the central parts of fiber bundles. In each subject
high fractional anisotropy (FA) values were aligned to
group FA skeleton and voxel-based morphometry was
performed. However, this method could mix nearby
information from different oriented tracts in the voxel
coordinate system. Yushkevich et al (9) combined the
spatial skeleton and fiber approaches to detect signifi-
cant clusters between apparent diffusion coefficient of
groups. A tract-based morphometry (10) method ana-
lyzed statistically of medical image data in a white
matter tract coordinate system. Goodlett et al (11)
used multivariate tensor measure and tract-oriented
statistics for a single hypothesis test per tract.

Another approach to analyze group tractography is
based on spatial normalization (12–19). In addition to
spatial normalization of a diffusion tensor dataset,
Jones et al (14) computed the average of the distribu-
tion of tensors within each voxel, while Xu et al (15)
proposed a method for tensor reorientation that
depends on knowledge of the underlying fiber direc-
tion and also averaged the tensor component-wise at
each voxel. In Muller et al (19), the diffusion tensor
was aligned by rotation to the main gradient direc-
tions when the DTI datasets were normalized to a
template. The spatial normalization approach uses
arithmetic averaging of all normalized single-subject
DTI datasets to generate an averaged DTI dataset.

Instead of using the averaged DTI dataset and reor-
iented tensor, we describe an early registration tech-
nique (20) where the diffusion-weighted images
(DWIs) are registered to a template and gradient vec-
tors are reoriented (21) before tensor calculation for
group analysis of tracts or analysis of multiple subject
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diffusion imaging using deterministic fiber-tracking
techniques.

We applied this method to a previously acquired
dataset from dystonia patients that used probabilistic
tractography for group analysis (22). Primary torsion
dystonia (PTD) is a chronic movement disorder mani-
festing clinically as focal or generalized sustained
muscle contractions, postures, or involuntary move-
ments (23). The clinical magnetic resonance (MR)
images do not show any pathology in this disorder.
The most common inherited form of PTD is associated
with the DYT mutation (24). Prior studies using DTI
have shown reduced fractional anisotropy (FA) in the
subgyral white matter and in the vicinity of the supe-
rior cerebellar peduncle in DYT carriers (25). PTD is
thought to be a neurodevelopmental disorder affecting
motor circuits (particularly striato-thalamic and cere-
bellar pathways) (22). DTI has an exquisite ability to
visualize the white matter pathways and may be use-
ful in understanding the underlying pathology in this
disease. We employed an early registration technique
for group tractography comparison in dystonia gene
carriers and control subjects where all subjects have
normal-looking brains without obvious pathology.

We first compared the FA images obtained by early
registration to the FA images obtained by late registra-
tion to verify the validity of the approach. Showing
that these two methods are equivalent for group com-
parisons, we proposed the early registration method
for a super set. We then proceeded to describe the
group tractography using early registration.

MATERIALS AND METHODS

Subjects and Data Acquisition

We imaged 12 disease-manifesting dystonia patients.
Seven of them had the DYT1 mutation, and five of

them had the DYT6 mutation. We also imaged seven
dystonia gene carriers without disease manifestations.
Three of them carried the DYT1 mutation and four of
them had the DYT6 mutation. We imaged eight age-
matched normal subjects as controls. All subjects
were imaged using a clinical 3T scanner (22) with a
single-shot EPI diffusion-weighted sequence. DWIs of
these subjects were acquired in 55 directions with a
b-value of 1000 s/mm2. The diffusion tensor protocol
included: 72 slices, 1.8 mm thickness, field of view
(FOV) 230 � 230 mm2, data acquisition matrix of 128
� 128 zero-filled to 256 � 256, TR 7000 msec, and
TE 68.3 msec. The apparent resolution of the DWIs
was 0.9 mm � 0.9 mm � 1.8 mm.

Data Analysis

After DTI data acquisition, diffusion images were proc-
essed using FSL routines (http://www.fmrib.ox.ac.
uk/fsl/). After eddy current correction, brain tissue
was extracted using the BET routine. We used three
different methods in calculating the diffusion tensor
for each subject:

1. Late registration for single subject analysis: We
calculated diffusion tensor components for each
pixel for each subject. We then calculated the FA
maps for individual subjects. The FA maps were
then registered to the standard template with a
resolution of 1 � 1 � 1 mm3. A late registration
group FA map (gFA1) was obtained by taking the
average of the FA maps of individual subjects in
standard space. The late registration method is
shown in Fig. 1.

2. Early registration for single subject analysis:
DWIs of each subject were registered to the
standard image template using 12-parameter
affine registration and then their diffusion

Figure 1. Schematic diagram of the late registration method. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

68 Vo et al.



gradient vectors were reoriented according to
their own rotation matrix. We then calculated the
tensor components and FA maps for each sub-
ject. To get an early registration group FA map
(gFA2), we took the average of the FA maps of
individual subjects. This early registration
method is shown in Fig. 2. The FA maps of indi-
vidual subjects were then used for group
analysis.

3. Early registration for a super set: Similar to the
early registration for single-subject analysis
above, all DWIs were registered to the standard
image template. Instead of separately calculating
the tensor for each subject, DWIs in standard
space of all subjects were combined, and rotated
diffusion gradient vectors were also combined so
that they can be processed as a super dataset. Af-
ter tensor calculation for a super set, we obtained
the FA image of the super set which is the group
FA map (gFA3). We also calculated other group
diffusion images such as group eigen images and
group eigen vector images. The early registration
method for a super set is shown in Fig. 3.

Group Comparisons Using SPM

Once aligned, the FA images were smoothed using a
kernel of 5 mm (full-width at half-maximum [FWHM])
and groups were compared voxel-wise over the entire
brain volume using SPM software (http://www.fil.ion.
ucl.ac.uk/spm/software/spm8/). Using the same
control subjects, we compared the FA maps obtained
from the early and late methods. FA maps of healthy
control and patient groups were also compared in
both cases of late and early registration. Group differ-

ences were considered significant at a voxel-level
threshold of P < 0.005.

Group Tractography

Among all three methods, only the early registration
technique for a super set yields group of tensor images
for computing group tractography and a group FA
image. The late and early registration for single-sub-
ject methods both yield group FA images only. We
used seven subjects for group tractography in each of
three groups including the control group, dystonia
gene mutation carriers manifesting the disease (MAN-
DYT), and dystonia gene carriers not-manifesting the
disease (NM-DYT). Equal numbers of DWI images (n �
55), where n is the number of subjects, were used in
tensor fitting for each group to have an unbiased com-
parison of group tractography. Since the NM-DYT
group has seven subjects, we used 7 � 55 DWI images
into DTI fitting and tractography calculation for each
group. We used the TrackVis software (http://
www.trackvis.org/) to map white matter pathways
coursing between volumes of interest (VOIs) delineated
in the gene mutation carrying subjects and controls.
Fiber tracking parameters were kept identical for all
three groups. The significant cluster in sensorimotor
cortex (SMC) identified by voxel-based comparison of
the FA maps for the control and NM-DYT groups was
employed as a seed volume for tractography. The cere-
bellum and thalamus regions obtained from brain
anatomy were used as two other seed volumes.

Group Fiber Tracking in Standard Space

In this early registration technique, the diffusion-
weighted images are registered to a template and

Figure 2. Schematic diagram of the early registration method for single-subject analysis. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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gradient vectors are reoriented before the tensor cal-
culation for group analysis of tracts.

For each subject in a group of N, the signal intensity

in each voxel of DWIs is Sij ¼ S0ie
�b0 �g

T
ij
��D�gij with M gra-

dient directions �gij ¼ gxgygz

� �T
, where i ¼ 1,2,. . .,N, j ¼

1,2,. . .,M. The S0 represents the signal obtained with-
out diffusion weighting gradients, S represents the

measured signal, and ��D ¼
Dxx Dxy Dxz

Dxy Dyy Dyz

Dxz Dyz Dzz

0
@
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A is the

symmetric diffusion tensor matrix. b0 is the diffusion
weighting and can be calculated over a pair of gra-

dients as: b0 ¼ g2d2 D� d
3

� �
, where c is the gyromag-

netic ratio for the hydrogen nucleus, d is the duration
of the diffusion weighting gradients, and D is the sep-
aration in time of the two gradient pulses (26).

After eddy current correction in FSL (http://
www.fmrib.ox.ac.uk/fsl/), all S0i images from all sub-
jects were registered to the standard image template
by an affine transformation matrix Ai. Then this
transformation matrix Ai was applied to all other
DWIs (Sij) of the same subject i.

Since all DWIs are now in a standard space, their
diffusion gradient vectors have to be reoriented next
according to their own rotation matrix Ri as �̂gij ¼ Ri �gij,
where Ri is calculated from the affine transformation
matrix, Ai ¼ Ti.Ri.Ki.Si, where T is the translation ma-
trix, K is the skew matrix, and S is the scale matrix.
This reorienting of the gradient vectors from the rota-
tion matrix extracted from the affine transformation is
valid since the affine transformation involved is very
close to a similarity transformation, ie, rigid þ uni-
form scaling. When there is considerable shearing
and nonuniform scaling involvement, the reorienta-
tion can be a poor approximation (13). All dystonia

subjects have normal-looking brains with no atrophy.
There were not many intersubject differences in their
anatomy, hence nonlinear transformation (27) was
not necessary.

After the above steps, a super dataset including L ¼
M � N DWIs with Ŝij ¼ Ŝ0ie

�b0 �̂g
T
ij
��D �̂gij was obtained in

standard space with corrected gradient vectors. So all
DWIs can now be processed as a single dataset to
reconstruct all group diffusion measurements in DTI
such as fractional anisotropy (FA), apparent diffusion
coefficient (ADC) and tensor components.

We merged M � N DWIs as a 4D super dataset and
created a large diffusion gradient table in the order of
DWIs as follows:

G ¼ �̂g
T

11; � � � ; �̂g
T

1M ; �̂g
T

21 � � � ; �̂gT

2M ; � � � ; �̂g
T

N1; � � � ; �̂g
T

NM

� �
:

And then tensor calculations were performed to
reconstruct all group diffusion measurements from
the above super dataset and gradient table.

Group fiber reconstruction was based on group DTI
obtained from the tensor calculation for a super set
as in the previous step and on the assumption that
fiber-tracking follows the major eigenvector of group
diffusion tensor in each voxel.

We called this method early registration for a super
set because all DWIs are registered to template before
tensor calculation. It is different from other registration
methods (‘‘late’’ registration methods) in which tensor
components are computed first, and then they are reg-
istered to template. Therefore, in late registration meth-
ods, diffusion gradient vectors will not be reoriented.

RESULTS

From the three schematic diagrams in Figs. 1–3,
group FA maps gFA1, gFA2, and gFA3 were obtained

Figure 3. Schematic diagram of the early registration method for multiple subjects. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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corresponding to three methods: late registration,
early registration for single subject, and early registra-
tion for a super set, respectively. In Fig. 4, FA maps of
all control subjects obtained using late and early
registration for single-subject methods were compared
using SPM. Significant FA differences were shown at
voxel-level thresholds of P < 0.01, P < 0.001, and P <
0.0001 in Fig. 4. The red areas visualize the regions
where early registration method yields higher FA val-
ues. The blue regions depict decreased FA in the early
registered data when compared with the late regis-
tered data. All significantly different regions between
the two methods are either on the edge of the brain or
at the low FA voxels.

Figure 5a,b shows the difference group FA images.
Figure 5a shows (gFA2 – gFA1) minimal contrast
inside the brain, suggesting the equivalence of early
and late registered single subject FA maps in agree-
ment with the SPM comparison of Fig. 4. In Fig. 5b,
there is considerable image contrast inside the brain.

Figure 6 shows the group FA images obtained from
all three methods. Their sharpness measures are
obtained using Eq. 2 (Appendix). The group FA image
gFA3 (group FA for a super set) yielded the best
sharpness of 0.131, while gFA1 using late registration
group and gFA2 using early registration for single
subject yielded sharpness values of 0.075 and 0.089,
respectively.

In Fig. 7 the SPM comparison of healthy controls
and dystonia gene mutation carriers are shown. SPM
analysis showed that when the early registration
method was used, the significant regions, in which FA
values in healthy control subjects are higher than in
dystonia patients (NM and MAN) are found in the
same location as when the late registration was used.
In the late registration method, we obtained two sig-
nificant clusters of 350 voxels on the right and 333
voxels on the left, as shown in Fig. 7a. Using the early
registration method, we obtained the same two signifi-
cant clusters (387 voxels on the right and 299 voxels

Figure 4. Comparison of the late registration and early registration methods using SPM. Regions in which FA values of early
registration are greater than those of late registration are presented in red and regions in which FA values of early registra-
tion are smaller than those of late registration are presented in blue. All FA images were smoothed using a 5 mm kernel
before comparison. a: P < 0.01. b: P < 0.001. c: P < 0.0001. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

Figure 5. Comparison of the late registration and early registration methods by group FA subtraction. gFA1: Late registration
group FA; gFA2: Early registration group FA; gFA3: Early registration group FA of the superset. a: gFA2 – gFA1. b: gFA2 –
gFA3. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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on the left) in approximately the same location as the
late registration method in Fig. 7b. The locations of
these clusters agree with previously published results
(22,25,28). The SPM comparison result of the healthy
control group and the NM-DYT group only is shown in
Fig. 7c,d. Cluster sizes are 2303 and 2375 corre-
sponding to late and early methods, respectively. This
finding agrees with previously published results (22).

Group fractional anisotropy (gFA3) and eigenvector
image V1 obtained from the early registration method
for a super set (Fig. 3) were used for tract reconstruc-

tion in Fig. 8. A 3D plot of the tracts originating in the
cerebellum going through the thalamus and connect-
ing to the sensorimotor cortex (cerebello-thalamo-cort-
ical pathway) is shown. These tracts are involved in
the disease process. In dystonia gene mutation car-
riers, using the same FA threshold and all other set-
tings, such as seed volume, we were able to visualize
fewer fibers in the cerebello-thalamo-cortical path-
ways regardless of the diffusion anisotropy thresholds
used. The number of fiber tracts in the healthy control
group is 3976, while it is 1945 in NM-DYT and 2938

Figure 6. Group FA images. The
gFA3 is the sharpest image with a
measured sharpness of Sh3 ¼
0.131, while gFA1 and gFA2 have
sharpness measures of Sh1 ¼
0.075 and Sh2 ¼ 0.089, respec-
tively. a: Late registration method,
gFA1. b: Early registration for sin-
gle subject, gFA2. c: Early regis-
tration for a superset, gFA3.

Figure 7. SPM comparison of the late registration and early registration methods by observing significantly different regions
in control subjects and in patients. a: Control and dystonia gene carrier (both NM and MAN) group comparison using late
registration FA results. Two symmetric regions in the cerebellar peduncle had significantly decreased FA in the patient group.
b: Control and dystonia gene carrier group comparison using early registration FA results (early registration method for single
subject), showing the same two cerebellar regions as in (a). c: Control and NM-DYT group comparison using late registration
FA results, showing a decreased FA region in the sensory-motor cortex in the patient group. d: Control and NM-DYT group
comparison using early registration FA results, showing a decreased FA region in the sensory-motor cortex in the patient
group (same region as in c). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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in MAN-DYT, as shown in Fig. 8. This result agrees
well with a previous study utilizing the probabilistic
tractography method where gene carriers were found
to have fewer fiber tracts in the disease-involved path-
way (22). This finding suggests that there is more
damage in the cerebello-thalamo-cortical pathway of
the NM-DYT group than the MAN-DYT group. The
excess damage can be considered neuroprotective
since it serves to attenuate the excess neuronal signal
to the cortex, hence in the NM-DYT group, dystonia
does not manifest.

Table 1 shows the mean and standard deviation val-
ues of group FA values measured over the segmented
SPM brain template. The difference measurements
show that in each tissue type measured the FA values
are such that gFA1 > gFA 2> gFA3. Since the FA is sig-
nal-to-noise ratio (SNR)-dependent (29–30), this may
suggest that SNR of gFA3 > SNR of gFA2 > SNR of gFA1.

DISCUSSION

The group analysis of diffusion tensor tractography
maps exhibited parts of the motor pathways involved

in two groups of dystonia patients. In dystonia gene
mutation carriers, we detected fewer fibers in the cer-
ebello-thalamo-cortical pathways. This result agrees
with previous findings found using probabilistic trac-
tography (22). The disruption of the outgoing path-
ways could lead to cortical hyperactivation, which is
characteristic of dystonia. There is an increasing
amount of evidence suggesting the involvement of cer-
ebellum in this disease (31).

When used for single subjects, the early registration
method did not differ significantly from the commonly
used late registration method. SPM analysis showed
FA differences only in the edges (out of brain) because
of imperfect masking, and in low FA regions because
of imperfect fitting of the tensor model. Since SPM
analysis requires lowpass filtering of the images prior
to group analysis, any advantage that late registration
may offer in terms of image sharpness was lost.

The results in Figs. 4, 5, and 7 and Table 1 all sug-
gest that the late and early registration methods when
used for single-subject FA maps are equivalent. The
significant regions in which the FA values in healthy
control subjects are higher than in dystonia patients

Figure 8. Group tractography results for each group. a: Control group has the highest fiber tract counts (3976). b: NM-DYT
group has the lowest fiber tract counts (1945). c: MAN-DYT group has 2938 tract counts. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Table 1

FA Values Measured Over the Entire Segmented Brain From SPM Template for Each Group of Subjects

All white matter

(N ¼ 232248; 36%)

All gray matter

(N ¼ 346888; 55%) CSF (N ¼ 55475; 9% )

Mean 6 SD Mean 6 SD Mean 6 SD

Control

gFA1 0.434 6 0.113 0.200 6 0.068 0.143 6 0.102

gFA2 0.418 6 0.116 0.178 6 0.068 0.129 6 0.096

gFA3 0.344 6 0.139 0.115 6 0.072 0.069 6 0.072

gFA1 - gFA2 0.0159 6 0.0082 0.0217 6 0.0168 0.0136 6 0.0408

gFA2 - gFA3 0.0735 6 0.0426 0.0633 6 0.0421 0.0604 6 0.0625

NM-DYT

gFA1 0.418 6 0.115 0.210 6 0.068 0.142 6 0.096

gFA2 0.402 6 0.117 0.187 6 0.068 0.127 6 0.088

gFA3 0.333 6 0.138 0.117 6 0.071 0.068 6 0.067

gFA1 - gFA2 0.0159 6 0.0083 0.0233 6 0.0188 0.0145 6 0.0404

gFA2 - gFA3 0.0691 6 0.0391 0.0692 6 0.0391 0.0593 6 0.0575

MAN-DYT

gFA1 0.409 6 0.105 0.196 6 0.065 0.139 6 0.098

gFA2 0.393 6 0.107 0.177 6 0.066 0.127 6 0.092

gFA3 0.316 6 0.129 0.115 6 0.071 0.067 6 0.065

gFA1 - gFA2 0.0160 6 0.0084 0.0199 6 0.0191 0.0122 6 0.0377

gFA2 - gFA3 0.0769 6 0.0434 0.0617 6 0.0424 0.0591 6 0.0580

N: Number of pixels in each region.
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(NM and MAN) and in which FA values in healthy con-
trol subjects are higher than NM-DYT only are almost
the same size and at the same coordinates when late
and early registration methods were used.

When group FA images are compared, considerable
differences among gFA1, gFA2, and gFA3 were
observed. The gFA3 is sharper than the others. The
measured sharpness of this image is Sh3 ¼ 0.131,
while the measured sharpness of gFA1 is Sh1 ¼ 0.075
and of gFA2 is Sh2 ¼ 0.089. These sharpness meas-
urements correlate well with perceptual sharpness.
Since averaging is a form of lowpass filtering, gFA1

and gFA2 lost some high-frequency information during
the averaging process, as shown in Fig. 6. Early regis-
tration for a super set can better contain the high fre-
quency information from all subjects and can have a
better SNR for the tensor fitting model. Table 1 shows
that for all subject groups, FA measured from cerebro-
spinal fluid (CSF) is lowest in gFA3 and is about the
same as its standard deviation. The average FA value
of 0.069 measured from CSF in gFA3 of the control
group, which approximates the standard deviation
(0.072) of this measurement. The FA values measured
from CSF in gFA1 and gFA2 are much higher (0.143 in
gFA1 and 0.129 in gFA2) in magnitude, and also
higher than the standard deviation of each individual
measurement (0.102 in gFA1 and 0.096 in gFA2). This
suggests that in gFA1 and gFA2, the measurements
report artifactual FA values in CSF. The group FA
measurement using early registration method for a
super set does not report any artifactual FA in CSF,
and hence is more accurate than the other two meth-
ods. This is also true for CSF FA measurements from
the other subject groups (NM-DYT and MAN-DYT).

In conclusion, we propose an early registration
method that provides FA images equivalent to the
ones that can be obtained from the commonly used
late registration methods for a given single subject.
This early registration method can be utilized for
group analysis and yields better group FA images.
The newly proposed super set method can also be uti-
lized for group tractography. Here we utilized the early
registration method of a super set for group tractogra-
phy in dystonia gene carriers and controls. This new
analysis visualized group white matter tract differen-
ces among control, NM-DYT, and MAN-DYT groups.
This method can be useful in understanding the
pathophysiology of nonfocal white matter diseases
and in the discovery of brain pathways that are
involved in disease processes. This method can also
be useful in animal models of the diseases where
there is no gross pathology present (31).
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APPENDIX

In order to determine the sharpness of an image by
comparing the amount of energy in the high frequency
range to low frequency range, the image first needs to

be Fourier transformed. Given an image f(m,n) with a
size of 256 � 256, the discrete Fourier transform
(DFT) F(p,q) of f(m,n) is defined by:

F p;qð Þ ¼
X255
m¼0

X255
n¼0

f ðm ;nÞe�j 2p256pme�j 2p
2560pm ;

where �127 < p � 128 and �127 < q � 128. Figure A1
shows the 2D Fourier transformed image of a group FA
map. In this Fourier transformed image, while the cen-
ter holds the low frequency information, the periphery
visualizes the high frequency information content of
the FA image. We define a sharpness measure as the
ratio of energy in the highpass sub-band to energy in
the lowpass sub-band, as follows (33):

Sh ¼ EH

EL
;

where EH ¼
P

H F p; qð Þj j2, EL ¼
P

L F p; qð Þj j2. H is the
area on the periphery of the frequency domain image
H 16 � rH � 32ð Þ and is defined as highpass band; and
L is in the center of the frequency domain image
L 0 � rL � 8ð Þ and is defined as low bandpass sub-
band as shown in Fig. A1, where r2 ¼ p2 þ q2. The
zero frequency (center of the frequency domain image,
denoted by a cross in Fig. A1) is excluded from the
lowpass sub-band (32).
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