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(a) X-ray image of a hand (b) X-ray image of a hand obtained by
in early days of X-ray a present equipment.
discovery.

Fig. 2.0.10 X-ray images of hands in early days of X-ray discovery and by a present
equipment. (a): Early X-ray image of Anna BertharRRgen’s hand by W.
C. Rontgen [7]. Exposure time needed about 15 min. (b): X-ray image of
a hand obtained by a present equipment [8]. By technical development of
X-ray tube and detector system etc., exposure finishes in ali2bH1/60
sec.
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(a) Three-dimensional display (b) Virtual endoscopic image
of skeletal system and arterial
system

Fig. 2.2.10 Examples of image display which utilized volume data of X-ray CT. As
typical example, a three-dimensional image reconstructed from volume
data [17] and a virtual endoscopic image [18] are shown.
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Fig. 3.1.10 Schematic diagram of Radon transform. Projection @éx¥ad) of a object
u(x,y) is acquired for all directiong.
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noise reduction
processing in real domain

sliding neighborhood operation

moving average filter (mean filter)
weighted average filter

rank filter

maximum filter
median filter
———midpoint filter

L——minimum filter
edge preservation filter (selective local averaging)

mode filter
alpha-trimmed mean filter

processing in frequency domain
low-pass filter (high-cut filter) (analog and digital)

Butterworth filter
———Chebyshev filter (type | Chebyshev filter)

inverse Chebyshev filter (type Chebyshev filter)

——Chesler’s filter
elliptic filter (Cauer filter)

Bessel filter
Gaussian filter
optimunt L " filter (Legendre filter)

band-pass filter

band-rejection filter

notch filter
processing in time(space)-scale domain

wavelet shrinkage

wavelet packet shrinkage

adaptive filter
guantum denoising filter

neural filter
processing in time

recursive filter
image addition

Fig. 4.2.10 Various noise reduction processings. Noise reduction processing that
employs real domain, (spatial-)frequency domain, time(space)-scale
domain, moreover, time dimension, can also be considered. (digital and
analog system)
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f(x) w(x) F(u)
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Fig. 4.3.10 Gabor transform of a cos functian(a): real-domain cos function which
windowed by Gaussian functiomx), (b): frequency domain.

i =

(@) FOIW(¥) (b) Z [ (w(x)1(u)

Fig. 4.3.20 Windowed Fourier transform of a cos function by rectangular window. (a):
real-domain cos function which windowed by rectangular functigr),
(b): frequency domain. Result of frequency domain by rectangular window
differs from the result from Gaussian window(Fig. 4.3.1).
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Fig. 4.3.300 Relation between uncertainty in the real spAgeand that in the frequency
spaceu. Itis not allowed for the uncertainty principle to mak& andAu
small simultaneously.
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Fig. 4.3.40 One-dimensional Doppler signal. Wavelet transform of this Doppler signal
was carried out as an one-dimensional example.

f090 Y. > #THIR, 2 Kw(2x - K) (4.3.9)
'3 k

gbogobuobugbobboogbooobuoobboobbobuoobooboon

00000000000 DO000yw(xOOODODDODDODO0000000DOD0O00OD0O0O0 [359]

oogooo

“ — on, If N=0
Wl (- =) 2=I tﬁ(X)t//(X—n)dX={ 0 :f 2;&0 (4.3.10)

dooooooooooooooooobooooooooooodooooooon
FX¥gx)yO f(O g oooooono
1000000000000000000000000000 (Fig.4.3.40000000
OO00000D000000000000000000000 Fig. 43500000000
000000000000 w(x)OOO (orde}000)40 Coiflets0 0000000 OOO

5000000000000000@DODDODO00D0ODD00 E=5000) 000000000

YO oooDD0D00000000000000000000000000

50



Resolution level

I o U '

0 100 200 300 400 500
X

Fig. 4.3.50 Wavelet domain of a one-dimensional Doppler signal (Fig. 4.3.4).
Decomposition leveE is 500 Detailed components (resolution levek 5,
4, ..., 1) and approximated component are displayed from the top of the
figure. Distribution of wavelet expansion dfeient shifts to the right as
& becomes large (i.e., as it becomes expansioffficants showing high
frequency band). That is, position-scale analysis is realized by the wavelet
transform.
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Fig. 4.3.600 Two-dimensional sample image. Wavelet transform of this image was
carried out as a two-dimensional example.
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(@)= =2 (b)= =3

Fig. 4.3.70 Wavelet domain of Fig. 4.3.6. Decomposition leilis 2(a) and 3(b).
Lower-left images show approximated components, and detailed images
(¢ = 1020...) are shown from near the approximated image in order.
Detailed components are decomposed into horizontal components, vertical
components, and diagonal components in e¥ery
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Fig. 4.3.100 Result of noise reduction of one-dimensional sigriék) by wavelet
shrinkage. In noise reduction by the wavelet shrinkage, influence
of high-frequency components on signal is made into the minimum.
Moreover, only noise components are alternatively shrunk.
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Fig. 4.4.40 A mathematical phantom which imitated low contrast phantom. Structures
that havet 5,+ 10,+ 20 andt 40 % of pixel value to central pixel value
are positioned.
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Fig. 4.4.50 Absolute error of original imagdo(x,y) and shrunk imagdy(x,y). For
¥ (X), the error becomes small at the order of Daubechies, Symlets, and
Coiflets, and for supp(x), in any function, the error became small when
suppy(X) becomes small.
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Fig. 4.4.80 Shrinkage operation (shrinkage function) of hard thresholding (threshold
7, = 0.5). Since this shrinkage function carries out easy operation that only
completely shrinks wavelet expansion fflo®ents, there are no ciients
that satisfy|d.gf,l)| < 1. Ranges of the expansion d¢heients after the
shrinkage, therefore, becomes discontinuous.

oo0ooooooooto

d;mhz{gwwﬁmnﬂdem—gyithKm>Q (4.4.8)

0, if |d.e(k | <7

000000000000 00000000d.k)000000000000000
d (k1) 000 00 soft thresholdingd 0 0 0 d.«(k )0 d (k)0 000 Fig. 44.900 0
000007 0000000000000000000000000000000000

00 SNROOOOOOOOOOOO0O0hard thresholding 0000000 [do K1) < 7
Bsignx)(0 0 sgnk) 000000

1, if x>0
signx) =< 0, if x=0
-1, if x<0O

good

73



d.(k 1)

;
P
.
.
.
.
.
y
.
y
.
.
05 ,
.
p
.
.
.
.
y
.
.
.
0 7/
.
.
.
.
.
.
.
y
.
p
-0.5 .
.
.
.

-1 -0.5 0 0.5 1
d..(k 1)

Fig. 4.4.90 Shrinkage operation (shrinkage function) of soft thresholding (threshold
7. = 0.5). In this shrinkage function, wavelet d@eients that have
greater absolute value than thresheldre also shrunk, and thereby SNR
decreases by the shrinkage operation. Wavelefficants that satisfy
|d”(K 1)| < 7, exist, and ranges of céiigients are discontinuous.
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Fig. 4.4.100 Shrinkage operation (shrinkage function) of Qian thresholding (trimmed
thresholding) (threshold: = 0.50Q = 5). In this function, distribution of
the wavelet cofficients is smooth, and cfigients that satisfjd_.(k I)| <
7. exist, and thereby, if the céiicients have been transformed, it is hard
to cause artifacts. Shrinkage processing, however, is more complex.
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Fig. 4.4.111 Photograph of a water phantom. Airless water is filled in a container
made from polymethyl methacrylate (PMMA). Diameter of the container
is 120 mm.
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(a) Reconstructed image of a water (b) Histogram and fitting function

phantom

Fig. 4.4.1201 Reconstructed image of a water phantom and a histogram of a ROI. The
histogram has been fitted by a generalized Gaussian function. Fitting
variables in an Eq.4.4.11 age ~ 48901 b ~ —-1.33 andc ~ —3.85,
respectively.
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Table 4.4.10 Scanning and image reconstruction conditions of a water phantom.

Tube voltage [kV] 120
Tube current [mA] 300
Reconstruction slice thickness [mm] 5
Acquisition slice thickness [mxDAS] 0.625<16
Helical pitch 1.375
Scanning time [s¢ot] 0.9
Scan field-of-view: scan FOV [mm] 250
Reconstruction function Standard
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Fig. 4.4.131 Transition of proposed shrinkage function by paramétefthreshold
7. = 0.5). Left: shrinkage functions, right: gradients of the shrinkage
functions. This shrinkage function has smooth form in all parameters,
except for special parameters.
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Fig. 4.4.140 Transition of proposed shrinkage function by paramet@arametel =
10). Left: shrinkage functions, right: gradients of the shrinkage functions.
This shrinkage function has smooth form in all parameters, except for
special parameters.
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7,=5.1) (variance~ 1.00,2=3, 7,=14,Y=2)

Fig. 4.4.151 Noise reduction processing of a water phantom image by various kinds
of shrinkage method. Image profiles mt= 256 are shown below,
respectively.
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(a) Before noise reduction processing (b) Hard thresholding

(c) Soft thresholding (d) Proposed shrinkage function

Fig. 4.4.161 Noise reduction processing of a water phantom image by various kinds of
shrinkage methods. (magnified and WW processed). In hard thresholding
(b), shapes of daughter wavelets (shownca}y tended to appear as
artifacts, and unnatural noises remain on the processed image.
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(a) Before noise reduction (b) Hard thresholding
processing (integration  of  dfference
=3.16x 10°)

(© Soft thresholding (d) Proposed shrinkage
(integration  of  diference function (integration of
=3.77x 10°) difference= 3.17 x 10°)

Fig. 4.4.170 Differences between denoised images and a original image. In the soft
thresholding (c), edge signals, such as phantom form, are included and
these parts are shrunk by denoised processing. On the other hand, in the
hard thresholding and proposal shrinkage function, edge signals are not
contained, and the edge signals of the original image are kept.
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Table 4.4.27 Performance comparison of each shrinkage function. As a result of
scoring for each evaluation factor, score of the proposed shrinkage
function became the highest.

Change of Appearance  of Preservability

Shrinkage function pixel value shrinkage artifact of edge Point
Hard . ) ° 5
(None) (Large) (Good)
Soft * ° .
(Happens) (Little) (Satisfactory)
Yasuda O .O ° 6
(Little) (Little) (Good)

Point=0:300 :200:10x : 0
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Fig. 4.4.187 Noise reduction processing of a low-dose chest image by proposed
shrinkage method. Noise reduction by LPF of the same image, and
comparison with a unprocessed high-dose image (tube current 300 mA).
A proposed shrinkage method and LPF are processed so that variance of
image may become comparable. Each profile is the ongs-@11.
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Table 4.4.37 Scanning and image reconstruction conditions of a chest phantom. This
phantom was scanned by low tube current.

Tube voltage [kV] 120
Tube current [mA] 50
Reconstruction slice thickness [mm] 7
Acquisition slice thickness [MRDAS]  2x16
Helical pitch 1.4375
Scanning time [s€mot] 0.5
Scan FOV [mm] 320
Reconstruction function Standard
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Table 4.4.47 Standard deviations for each iamge. ROIs are placed on the heart region.

Image Standard deviation
Low-dose original (50 mA) 82.0
Low-dose with proposed method (50 mA) 18.0
High-dose (300 mA) 28.4
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Fig. 4.4.191 Difference of a original image and a proposed image (a), and its histogram

(b). Subtracted image contains almost only noise components.
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edge enhancement and detection

processing in real domain
sliding neighborhood operation

max-min filter
gradient filter

Laplacian filter

high-pass filter
Sobel filter
processing in frequency domain

high-pass filter (low-cut filter) (analog and digital)

band-pass filter

band-rejection filter

unsharp masking
processing in time(space)-scale domain

wavelet processing

wavelet packet processing

adaptive filter

neural filter

Fig. 5.1.10 Various edge enhancement or detection processings. Edge enhancement
processing that employs real domain, (spatial-)frequency domain,
time(space)-scale domain, moreover, processing that combined various
techniques, can also be considered. (digital and analog system)
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Fig. 5.2.10 Acquisition of projection data by low- and high-spatial-frequency
sampling. By averaging projection data obtained by high-spatial-frequency
sampling, projection data of the same sampling frequency as
low-spatial-frequency sampling can be obtained.
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Fig. 5.3.10 Relation between relative edge position on a detector element and
projection data valug(X). p(X) shows nonlinear behavior about the
relative position of the edge in a detector element from EQq.5.2 &Xf is
linear about the edge positiop(X) should become like a dotted line.
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Fig. 5.3.20 Transition of projection datp(X) to the relative edge position on a detector
element (a, b), and the ratio tp,(X) of the diference (c, d). Left:
attenuation rati®’ong/I'short = 10, right: attenuation ratibiong/I'short = 100.
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Fig. 5.3.30 Relation between attenuation ratigy,q/I'shorr @and relative dierence of
projection data valuep,(X) — p1(X). Edge position is 0.5 to a element
width in the low-spatial-frequency sampling.
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Fig. 5.5.10 High-spatial-frequency sampling and averaging operatior-iny— and
z- directions. Also in projection data acquisition, high spatial frequency
sampling ofX— andz— directions and average processing are performed

by the same way of thinking.
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Table 5.5.10 Average Hounsfield unit values of materials.

Material Hounsfield unit

PMMA 122.8
ABS -32.5
EPS -926.0
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ABS: acrylonitrile-butadiene-styrene copolymer
EPS: expanded polystyrene
120 mm PMMA: polymethyl methacrylate

A
v

(b) Schematic diagram of two phantoms

Fig. 5.5.20 Photograph and schematic diagram of two phantoms that have similarity
ratio 2:1. These phantoms are made for simulation study of low- and
high-spatial-frequency sampling. By scanning these phantoms, data that
supposed sampling frequency to be 2:1 were obtained.
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Fig. 5.5.30 Reconstructed images, horizontal profiles and absolute values of gradient
for tube current 100 mA. Left: low-spatial-frequency sampling by a small
phantom, right: proposed method by high-spatial-frequency sampling and
averaging by a large phantom.
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Low-spatial-frequency sampling

High-spatial-frequency sampling
+
Averaging

Fig. 5.5.40 Reconstructed images by low-spatial-frequency sampling (upper) and
proposed method by high-spatial-frequency sampling (lower). These
images have been magnified in order to verify improvement of edges.

119



Table 5.5.21 Maximum and improvement rate of edge intensity (absolute value of
differentiation) in low- and high-spatial-frequency sampling. Relation
was not found between tube current and rate of increase of edge intensity.

Tube current [mA] Sampling rate Edge A EdgeB EdgeC EdgeD

Low-spatial-frequency 46.0 51.0 342.0 343.0

50 High-spatial-frequency 73.3 95.3 475.8 508.0
Gradient improvement [%]  59.2 86.8 39.1 48.1
Low-spatial-frequency 55.0 43.0 356.0 339.0

100 High-spatial-frequency 77.0 84.8 446.3 546.3
Gradient improvement [%]  40.0 97.1 25.4 61.1
Low-spatial-frequency 48.0 47.0 343.0 357.0

200 High-spatial-frequency 89.8 82.8 472.8  555.8
Gradient improvement [%]  87.0 76.1 37.8 55.7
Low-spatial-frequency 47.0 50.0 350.0 336.0

300 High-spatial-frequency 83.8 80.0 5285 526.3
Gradient improvement [%]  78.2 60.0 51.0 56.6
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Fig. 5.6.10 Behavior of projection data value in two-, four- and eight-times

high-spatial-frequency sampling (left),

and increase rate to basic

spatial-frequency samplingi(X) (right). I'ong/T'shor = 10. It becomes
close to linear behavior (dash-dotted line) as sampling rate increases.
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(a) Unprocessed imag&x, y)
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(b) Horizontal image profile of (x,y) aty = 311

Fig. A.1.10 Unprocessed imagé(x,y) and its horizontal profile. Various denoising
processing were applied to this image.
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Fig. A.1.200 Two-dimensional amplitude spectrum of a unprocessed image
f(x,y). Most of signals f(x,y) are distributed on comparatively
low-spatial-frequency region of the central part.
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(a) Reconstructed image
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(b) Horizontal profile aty = 311

Fig. A.1.300 Result of moving average filter by a kernel o 3to a reconstructed image
of a chest phantom (once). Although noise components are reduced, the
entire image is blurred and detailed informations are lost.
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Fig. A.1.40 Amplitude spectrum of Fig. A.1.3. Specific spatial-frequency components
are decreased and the components are filtered.
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(a) Reconstructed image
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(b) Horizontal profile ayy = 311

Fig. A.1.50 Result of moving average filter by a kernel 0fx33 to a reconstructed
image of a chest phantom (twice). This result is blurer than Fig. A.1.3 and
detailed informations are lost.
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(b) Horizontal profile at center

Fig. A.1.600 Amplitude spectrum of Fig. A.1.5. Specific spatial-frequency components
are more decreased than Fig. A.1.4.
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(a) Reconstructed image
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(b) Horizontal profile ayy = 311

Fig. A.1.70 Result of median filter to a reconstructed image of a chest phantom (once).
Although spike noises are reduced, spike-like signals are also removed

simultaneously.
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Fig. A.1.800 Amplitude spectrum of Fig. A.1.7. Specific spatial-frequency components

are not decreased. High-frequency components, however, slightly
decreased.
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(b) Horizontal profile ayy = 311

Fig. A.1.900 Result of median filter to a reconstructed image of a chest phantom (twice).
Signal becomes unnatural simultaneously with removal of spike noise.
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Fig. A.1.100 Amplitude spectrum of Fig. A.1.5. High-frequency components are more
decreased than Fig. A.1.5.
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(@) Syt (b) Sz.st (c) Szst

(d) Sast (€) Ss.st (f) Se.st

(9) S7.st (h) Sgst (i) Sost

Fig. A.1.110 Kernel windows of edge preservation filter (6 5 neighborhood
processing). Variances of pixel value in each window are calculated,
respectively, and average value of minimum-variance window is
outputted to a attentional pixel. The attentional pixel is center »f%H
region.
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(a) Reconstructed image
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(b) Horizontal profile aty = 311

Fig. A.1.1200 Result of edge preservation filter to a reconstructed image of a chest
phantom (once). Although noises are reduced withffiecéing to edge,
unnatural result, which edge was emphasized, is obtained. Moreover,
distortion of signal is also caused.
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(b) Horizontal profile at center

Fig. A.1.130 Amplitude spectrum of Fig. A.1.12. Specific spatial-frequency
components are not decreased like the moving average filter.
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(a) Reconstructed image
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(b) Horizontal profile ay = 311

Fig. A.1.140 Result of edge preservation filter to a reconstructed image of a chest
phantom (twice). As compared with the result applied only once,
unnaturalness of signal is conspicuous.
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Fig. A.1.150 Amplitude spectrum of Fig. A.1.14.
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Fig. A.2.10 Fourier transform pair of a cos function. Fourier transform of a cos
function consists of twé functions.
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Fig. A.2.200 Fourier transform pair of a rectangular function. Fourier transform of a
rectangular function is a infinite cardinal sine function.
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Original Pattern

200 400 600 800 1000

X

Fig. A.2.30 One-dimensional original sign@(x)0 This signal has rectangular signal,
pulse-like signal, quadratic signal, Doppler signal and etc. This signal is
widely distributed in frequency domain. Artificial white noise is added to
this original signal.
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Fig. A.2.40 Amplitude spectrum of one-dimensional original sigrnig(x). This
original signal is widely distributed in frequency domain.

Noise Pattern
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Fig. A.2.500 One-dimensional artificial white noisx). This white noise was added
to the original signafy(x) and noisy signaf (x) was created.
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Noisy Pattern
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Fig. A.2.600 One-dimensional noisy signé(x). LPF and wavelet shrinkage processing
were carried out to this signal.
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Fig. A.2.70 Amplitude spectrum of one-dimensional noisy signglx). Since
frequency spectrum is expressed as average of entire signal, it is not
easy to distinguish noise and signal by amplitude spectrum. Moreover,
it is difficult to separate signal component and noise component from

amplitude spectrum clearly.
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LPF Denoised Pattern
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Fig. A.2.800 One-dimensional signdl (x) after noise reduction by LPF. Although noise
components that exist if(x) are reduced, high-frequency components
of signal are also influenced simultaneously. Especially, high-frequency
signal of pulse signal or Doppler signal, it is influenced considerably and
amplitude became small.
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(a) LPF denoised imagE&(x, y)
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Hounsfield Unit
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Position

(b) Horizontal profile ay = 311

Fig. A.2.90 LPF denoised image of a chest phantom. Although noises are decreasing
as compared with Fig. A.1.1, trancation artifact has occurred.
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Fig. A.2.100 Artifacts after LPF denoising. WW200. Truncation artifacts resulting
from steep truncation in spatial frequency domain exist. Although artifact
can be reduced by adjustirig(u, v), influence on signal component is
unavoidable in essence.
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Fig. B.1.10 Schematic diagram of edge position on a detector element.
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