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y(m,n) = ¢ (v (m,n) + y, (m,n)) (4-14)
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Projection to 20 spanning plain using Gaussian filtered image
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DICOM
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112 5 42
12 2+ 3 38
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1 2 3 4 5 6 7 8 9 10 I 12 13 14 15 16 17 18 19
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a8 512, o|=7} FIl= FAoM el surface fittingS Ol
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¥ 5-3. AI52=2 EFT W Lo|ef 2ot ME2JF EFE
o

(@A XHE 5T Ztos ol).
ok RECZ ZHE # Lio)
P B
=55t _ _ _
Lio| 2_53 A} 3_53 A} 4_53 <A}
1 2.0 3.45 1.45 3.45 1.45 6.38 4.38
2 2.5 3.33 0.83 3.72 1.22 8.65 6.15
3 4.0 5.14 1.14 7.00 3.00 7.00 3.00
4 4.0 7.00 3.00 8.05 4.05 9.05 5.05
5 4.5 6.86 2.36 10.07 5.57 8.43 3.93
6 4.5 6.86 2.36 7.57 3.07 8.57 4.07
7 5.0 8.71 3.71 8.29 3.29 8.29 3.29
8 5.0 5.43 0.43 8.43 3.43 7.14 2.14
9 5.0 10.00 5.00 12.14 7.14 12.14 7.14
10 5.0 6.57 1.57 6.57 1.57 6.57 1.57
264 15.5 10.71 4.79 8.86 6.64 10.14 5.36
265 15.5 14.07 1.43 14.21 1.29 12.50 3.00
266 16.0 11.64 4.36 12.93 3.07 12.69 3.31
267 16.0 13.21 2.79 14.07 1.93 13.04 2.96
268 17.0 10.05 6.95 10.58 6.42 11.32 5.68
269 17.0 14.43 2.57 14.57 2.43 14.86 2.14
270 17.5 12.86 4.64 14.14 3.36 12.57 4 .93
271 18.0 10.07 7.93 8.86 9.14 8.95 9.05
272 18.0 13.14 4.86 13.29 4. 71 14.14 3.86
273 19.0 12.14 6.86 11.38 7.62 12.14 6.86
gkt 2.63 2.57 2.74
=4 1.79 1.91 2.54
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¥ 5-4. AI52=2 EFT W Lo|ef 2otmt ME2JF EFE
o

olx] Fa2 EF 22 0|8).
okt REoZ ZMet w Ljo|
P B
E7XSh iy ] . .
Lto| 0_53 X} 1_53 LR} 2 53 At
1 2.0 3.00 1.00 3.00 1.00 3.00 1.00
2 2.5 9.76 7.26| 10.99 8.49 8.70 6.20
3 4.0 4.00 0.00 4.71 0.71 6.57 2.57
4 4.0 4.00 0.00 6.19 2.19 5.14 1.14
5 4.5 8.86 4.36 7.14 2.64 7.57 3.07
6 4.5 5.14 0.64 5.14 0.64 9.00 4.50
7 5.0 5.86 0.86 7.71 2.71 7.57 2.57
8 5.0 5.14 0.14 6.57 1.57 6.43 1.43
9 5.0 6.71 1.71| 10.43 5.43 9.14 4.14
10 5.0 6.24 1.24 6.29 1.29 7.14 2.14
264 15.5 9.91 5.59 8.91 6.59 7.43 8.07
265 15.5| 12.93 2.57 | 12.57 2.93| 12.07 3.43
266 16.0| 14.43 1.57| 12.07 3.93| 10.79 5.21
267 16.0| 14.55 1.45| 14.00 2.00| 13.55 2.45
268 17.0| 12.57 4.43| 10.58 6.42| 10.83 6.17
269 17.0| 14.43 2.57 | 14.71 2.29| 14.43 2.57
270 17.5| 14.14 3.36| 13.57 3.93| 12.29 5.21
271 18.0 8.29 9.71 9.52 8.48 | 10.79 7.21
272 18.0| 13.43 4.57| 13.43 4.57| 13.14 4.86
273 19.0| 13.14 5.86| 10.05 8.95| 12.43 6.57
EHoa2x} 1.61 1.78 1.88
=4 2.17 2.57 2.92

_70_




# 5-5. AtS

|0

=3

=53t # Llo|e} 2ofzt

XMoo

=

|7}

(Gaussian ZE{E ofX] HAS EF g2 2 0[8).
okt RESZ EHe wl Lio|
P B
EY st i _ B} _
Lto| 0_53 &} 1_53 LR} 2 53 At
1 20| 3.56| 1.56| 3.72| 1.72| 4.84| 2.84
2 25| 523 273| 518| 2.68| 8.07| 5.57
3 40| 462| 062 557| 1.57| 6.00] 2.00
4 40| 419| 019| 4.05| 0.05| 4.76| 0.76
5 45| 6.29| 1.79| 552| 1.02| 6.71] 2.21
6 45| 3.38| 112 391 0.59| 5.14| 0.64
7 50| 5.43| 0.43| 6.29| 1.29| 6.71 1.71
8 50| 5.43| 0.43| 5.43| 0.43| 5.43| 0.43
9 50| 6.86| 1.86| 6.43| 1.43| 6.10| 1.10
10 50| 5.71 0.71 5.43| 0.43| 6.86| 1.86
264 15.5| 13.29| 2.21| 12.71| 2.79| 12.71| 2.79
265 15.5| 13.64| 1.86| 12.36| 3.14| 11.43| 4.07
266 16.0| 15.43| 0.57| 15.43| 0.57| 14.86| 1.14
267 16.0| 15.57| 0.43| 14.00| =2.00| 13.09| 2.91
268 17.0| 14.71 229 14.71| 2.29| 14.00| 3.00
269 17.0| 14.71 229 1429 2.71| 14.29| 2.71
270 17.5| 12.93| 4.57| 14.14| 3.36| 13.71| 3.79
271 18.0| 14.86| 3.14| 14.29| 3.71| 14.29| 3.71
272 18.0| 13.57| 4.43| 12.86| 5.14| 11.29| 6.71
273 19.0| 15.00| 4.00| 14.43| 4.57| 13.14| 5.86
Ha2xt 1.22 1.28 1.46
2A 1.15 1.35 1.66
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E 5-6. A2 53 Zo=2 o|8% i Lto] XA =& Z3} (Ho).
oAt E¥E | AHE2R SWE
gato| ito| ooy
i L}O| W Lpolo| B3
490 6.41 2.41 1.39
4.50 6.71 2.21 016
5.00 7.23 2.23 1.82
6.00 5.29 071 500
9.00 9.43 0.43 0.00
10.00 7.43 2.57 0.00
11.00 11.43 0.43 0.00
12.50 12.14 0.36 308
13.00 13.67 067 53
13.50 14.07 057 20
14.00 13.86 014 00
15.50 13.81 1.69 0.44
17.00 14.43 2.57 0.00
17.50 14.14 3.36 0.00
18.00 12.43 5.57 > 61
19.00 13.57 5.43 0.00
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oAt EHE | AtEoz S
gatel ol 2 A
# Ltol # Lole| B
2.00 3.45 1.45 0.00
2.50 3.33 0.83 0.00
5.25 5.94 0.69 0.00
5.75 5.95 0.20 0.56
6.00 7.38 1.38 0.00
6.83 8.22 1.39 6.02
7.17 10.40 3.23 0.00
7.83 7.92 0.09 2.01
8.00 8.68 0.68 0.00
8.83 8.60 0.23 1.88
9.00 11.98 2.98 3.31
10.00 9.80 0.20 1.77
10.50 11.57 1.07 11.80
11.00 10.14 0.86 2.08
11.50 11.23 0.27 1.31
12.00 10.88 1.12 1.03
12.50 11.81 0.69 0.41
13.00 11.56 1.44 1.66
13.25 12.08 1.17 0.13
13.50 11.76 1.74 0.90
14.00 12.27 1.73 1.72
14.50 12.93 1.57 0.00
15.00 13.69 1.31 2.97
16.00 12.43 3.57 1.23
17.00 10.05 6.95 0.00
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a8 5-16. JoE 5 w22 o[ M Lo F

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

(mmoinsy mmEE 2K =23

2 3 4 5 6 7 8 9

1
MEH5

& 23 (ofo)).

o

_74_



£ 5-8 OIX8 SF H2E 0|83 # o] A5 FH A} (<o,
oAt EHEH | AHECZ EH
@ ntel ol o
# Lol w Ltolel B
4.00 4.00 0.00 0.00
4.50 7.00 2.50 6.89
5.00 6.36 1.36 1.03
6.00 5.00 1.00 0.00
9.00 6.57 2.43 0.00
10.00 9.93 0.07 0.00
11.00 8.71 2.29 0.00
12.50 13.62 1.12 0.17
13.00 14.11 1.1 0.02
13.50 13.71 0.21 0.20
14.00 14.86 0.86 0.00
15.50 12.33 3.17 4.76
17.00 14.43 2.57 0.00
17.50 14.14 3.36 0.00
18.00 10.86 7.14 13.22
19.00 13.14 5.86 0.00
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oAbt BYE | RSz B
Baztel ol 2o
# Lol # Lfolol B
2.00 3.00 1.00 0.00
2.50 9.76 7.26 0.00
5.25 8.72 3.47 0.00
5.75 5.46 0.29 0.22
6.00 9.28 3.28 0.00
6.83 7.59 0.76 4.84
77 9.98 2.81 0.00
7.83 8.62 0.79 3.65
8.00 8.44 0.44 0.00
8.83 9.37 0.54 3.76
9.00 11.13 2.13 0.39
10.00 10.39 0.39 2.23
10.50 14.14 3.64 1.02
11.00 10.96 0.04 2.66
11.50 11.61 0.11 2.10
12.00 11.74 0.26 2.87
12.50 11.50 1.00 1.95
13.00 12.41 0.59 4.20
13.25 12.21 1.04 5.40
13.50 11.78 1.72 1.31
14.00 12.59 1.41 2.80
14.50 11.73 2.77 0.00
15.00 15.39 0.39 1.75
16.00 14.49 1.51 0.01
17.00 12.57 4.43 0.00
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9 10 11 12 13 14 15 16
Zol4  [Emolart 55 meER 3N =21

a8 5-17. oIX|& §F @22 o[ &%k i Lio] 5F 23t (Hob).
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4.0

20

0.0

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
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a8 5-18. OIX|E& §F @2= o[ W Lio] 5F 23t (ofoh).
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¥ 5-10. Gaussian HEZH= o|X] HAS

23} (gob.

am
oA
g
lo
il
o

)
o
E
T
o
Pal
ol

A7t 53

—

sz =H3

goatel xtol = &
i Ltol i Ltole| Ho
4.00 4.41 0.41 0.09
4.50 4.83 0.33 4.21
5.00 5.86 0.86 0.35
6.00 5.57 0.43 0.00
9.00 10.43 1.43 0.00
10.00 9.14 0.86 0.00
11.00 10.57 0.43 0.00
12.50 12.19 0.31 0.38
13.00 12.39 0.61 1.13
13.50 13.43 0.07 1.30
14.00 14.71 0.71 0.00
15.50 13.98 1.52 0.82
17.00 14.71 2.29 0.00
17.50 12.93 4.57 0.00
18.00 14.21 3.79 0.83
19.00 15.00 4.00 0.00
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#F 5-11. Gaussian HE|HE oX] A2 EF 2= 0|3st i o] X5 F

23} (ofoh).

)

olAbrt 8

sz =H3

—

goatel xtol = &
i Ltol i Ltole| Ho
2.00 3.56 1.56 0.00
2.50 5.23 2.73 0.00
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13.00 12.48 0.52 1.30
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13.50 12.67 0.83 1.02
14.00 13.18 0.82 1.45
14.50 12.57 1.93 0.00
15.00 14.87 0.13 1.13
16.00 15.50 0.50 0.10
17.00 14.71 2.29 0.00
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¥ 5-15. t-EXH.

ey weF=ZE: P(T<1)
0.25 0.1 0.05 0.025 0.01 0.005
1 1.000 3.078 6.314 12.706 31.821 63.657
2 0.816 1.886 2.920 4.303 6.965 9.925
3 0.765 1.638 2.353 3.182 4.541 5.841
4 0.741 1.533 2.132 2.776 3.747 4.604
5 0.727 1.476 2.015 2.571 3.365 4.032
11 0.697 1.363 1.796 2.201 2.718 3.106
12 0.695 1.356 1.782 2.179 2.681 3.055
13 0.694 1.350 1.771 2.160 2.650 3.012
14 0.692 1.345 1.761 2.145 2.624 2.977
15 0.691 1.341 1.753 2.131 2.602 2.947
21 0.686 1.323 1.721 2.080 2.518 2.831
22 0.686 1.321 1.717 2.074 2.508 2.819
23 0.685 1.319 1.714 2.069 2.500 2.807
24 0.685 1.318 1.711 2.064 2.492 2.797
25 0.684 1.316 1.708 2.06 2.485 2.787
30 0.683 1.310 1.697 2.042 2457 2.750
40 0.679 1.303 1.684 2.021 2.423 2.704
50 0.679 1.299 1.676 2.009 2.403 2.678
60 0.677 1.296 1.671 2.000 2.390 2.660
120 0.677 1.289 1.658 1.980 2.358 2.617
© 0.674 1.282 1.645 1.960
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APPENDIX

A.1) Adaptive clustering

Adaptive clustering= T. Pappas”’} 1992\d% Z19] =4 =

=4

sk
thH16]. 19 =] w2 ago] e zte Aol A 2,347 A= 2

O oo

o
pa)
rlr
2
>
2
ME
o
2

(a)

a8 A1, BEX HE Z3 A (a) o2 94 (b) k-mean Z3 A4 (o)

&
Adaptive clustering Z ot Ak

I A-1(2)9] 98 G 266 HES Zbe o] gew FAE ddol
W, 28 A-1(b)= 28 A-1(a) 98 27 2825 2= k-means A
|3 Ayelty. 2§ A-1(ox 138 A-1(a) S 27 Sd2E 2=
adaptive clusterings A-83%F Ado|t}, 18 A-1o4 B 19 19 A-
1o)7F 19 A-1ES <&, 3, 9, W7t & 43 423 A8 &2

&= 7FAaL 9t} Adaptive clustering< k-means WA A as}ar, of 7]
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et

A TR FYAE 2(A-1)9 Bayesian A E o] &3t HHs| A

O 2 k-mean® A¥HT UL £ A3E HAFEU

p(x|y) < p(y]x)p(x) (A-1)

714, p(x|y)oc p(y|x)p(x) p(x)i= 2 (A-2)2] Gibbs w3¥ il 714

shal p(ylx)+= WA Gaussian Fsoldbal 7H4-& gl

p(x) = %exp{— 2 Vc<x)} (A-2)

A71A V.(x) = clique YAE 53, Z+= Gtst doltt. Clique

ol Ly A= 1-point clique®} 2-point clique® % 2] F o}

(a) (b) (c) (d) (e)
a8 A-2. 22l3 &2l 9. (a) 1—-point Clique. (b)-(e) 2—point Clique.

Clique i o] Hel A& ofelel +43 2},
1-point clique : V.(x)=¢,, if x,=i and s€C, all i

=B if x,=x, and s,qeC

2-Point Cli P Ve(x) =
oln rque C(x) {-Fﬁ if X, #X, and s,qeC

1-point clique= A7] ApAlo] dish ko] Aoz =A== 022 A}
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&3t om, 2-point clique®] 745 7] AHAle] S8 2Hef TR e
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p(xly)oceXp{—Z 12 [y2 —uj] > Ve (x)} (A-3)
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Sl aHE2 WA
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A.2) Boundary tracing

Boundary tracing=> ©]%l golA 8 &4 2 54 FE25 8N
ol AFE I Qe dagFoR AAEE AARE w583 BERE A
33t} Boundary tracinge tracingsh= ®ol] wEbA inner boundary
tracing?} outer boundary tracing®.® iz 4 Qlow, IAES Tlkeo] AFA
Aol webA 4-o]%, 8-olxer Uwm g vk B =wolA e inner
boundary tracing WS AFE3Y S22 inner boundary tracing ol
e zhefebAl Ak ofeeb A

1. ®A 23 4-4(0)%F 22 ol ddelA A5 W 9% ARy ~
70 sk, oghol 255¢1 A& HAMS 1 S B 2 BYsta,
o] boundary HAAe]l Alztelrt. 21 o] %l boundary] 4
Weks dir 2 o]t
. dir=3ol" A7Ado]l 4-o]% <tellA AAFATIH A-3.

(a)).
i. dir=7 W AAAMdo]l 8-ol% <X AAAHIH A-3.
(b)).

2. P, AL 7
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SR 3x3 =5 UlelA vk AlA Weke® 255 A4

i
N

tlo

Aok AN =M= dir o gl ot MAS 1ok

i.  (dir+3) mod 4 (29 A-3. (0)).

- 104 -



ii.  (dir+7) mod 8 if dir is even (13 A-3.(d)).
(dir +6) mod 8 if dir is odd (13 A-3. (e)).
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i1, boundarys 7SS AlZE Aol Hu} o5 dir @t W
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18 A-3. Inner boundary tracing. (a) 4-0|* @&t ®7]|. (b) 8-0|* W&t E7|. (c

4-0|2 HHA =9 HM A . (d),(e) 8-0|R M =2 HM =A. (f) 8-0[R0l| 7|tz
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boundary tracing. 42 boundary tracing=o|

- 105 -



A.3) K-mean
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X, (n+1)=X,(n)

WE R gAsm, A (23)e

& Aglel % e X} ze]
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A.4) DICOM protocol

DICOM=2 19921d RSNA (The Radiological Society of North
America) 39olA Loz M7 v o 9A ARE A= AuE
o] AAE fste] HEYAE AFESE WAIA] o #gE <

A48 2

fljo

T3ke] Al

F ¥+3 YS9l ACR-NEMA 9% 1H(working
group) ©] FAENSH o5 WG Fol& AFste] 19931 RSNACA
Aoz drsE 7t dAE DICOM HA 3.00] wriEso] Algxtel ¢
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2 A4S golrtm glov] w3 EFH 99 ¥ st Yok
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Z3%to] wgl ACR (The America College of Radiology) ¢ NEMA (The
National Electrical Manufacturers Association)”} Z2g3ale] 1983d %+
st #3t =4S Aoz AAA HIAH. o] A B4 RFEstE
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Medical Imaging Application
[ DICOM Application Message Exchange ]
C ]
4 N N OSI Association Control
DICOM Service Element (ACSE)
bicoM Upper Layer
) Protocol for OSI Presentation Kernel
Session/ TCP/IP
Transport/
Network O8I Session Kernel
\ /
(STN)
TCP OSI Transport
DICOM OSI Network
Data Link P
LLC
DICOM
Physical Standard Network physical layers
_ (50-pin) P, (Ethernet, FDDI, etc)

% A-4. DICOM 112t =H

DICOM WA 3.0014 = AA WAL JF9 DA #AdHo] = g

A, 94 AR 2 W5 AREe RS FHoR @ RIS wgon 4
WAl PAAS Y 5SS westel AAHIGE He B Aok o

Al e, AR = ARV ojwl A A Ha V)sEHE AE AASHA e
= 2ES ) x2 AAHEAY. o]AL DICOM 3.0 weolA A =3k
(entity-relation) X 2olg}al &= dlolg Fx7F 7| EA <] dolg F%o0]

o o] mEe AgAt AFS Ash: T odeld 249 axEo] ofds

2ES wola THE AR AFS Eol7] HAsiM= A&EREe] dAFol
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HEso] Hastt ook e ME TE AL ke ddEs flaiM= b

°of Eio] AastH o5 Gl #¥d FFOENE DICOME 71 Hol

DICOM 2 &t] F-23 4l do[g] Bgoz I s F vt
o FES gt on AH] o]E A% level/width, 34} o2, 3

7Vsst bEo] e+ JPEGY¥ RLE(Run Length Encoding)E A 3gho}.

DICOM ¥l o] d=#e 7] fair = st Jrel w7] WAe Lot

ofgt @}, dldel 4w ®y) WAL 8 A-5% 2ol HolH £4(data

element) 59 gz o]Fofzlt}. 3y 7] HA1e T implicite;

Lo

Xéi

=]

explicit -+ 7F4 @izt lem, 179 Apol= #F A-1, & A-29F 2t}

Data Set
order of transmission =~ —m—m—o——n—>

Data Elem. | Data Elem. | Data e e o o o o DataElem.

Data Element

Value :
Tag \fR Length Value Field

|_ optional field — dependent on
Negotiated Transfer Syntax

a8 A-5. DICOM Data Set & Element #+=
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F A- 1. Explicit HEie| HIO[E M3} @A FMF,

Tag VR Value Length Value
Group Element VR Reserved | 32-bit unsigned Even number of bytes
Number Number (2 byte (2 bytes) | interger containing the Data
(16-bit (16-bit Character | setto a Element Value(s) encoded
Unsigned | Unsigned | string) of value of according to the VR and
Interger) Integer “‘oB” 0000H negotiated Transfer
‘ow” Syntax. Delimited with
“OF” Sequence Delimitation
“SQ”,°UT” [tem it of Undefined
Or “UN” Length.
‘Value Length’ bytes if of
2 bytes 2 bytes 2 bytes 2 bytes 4 bytes Explicit Length

1+ = AHgroup number)®} 84 s2AHelement number)= DICOM Tf
ofel whe} gA dotr 7] HA ZIAH Avk. vk SApe] olFo da A
2 Ag dY AHelA I 0x0010°]W 247F 0x0010891 F&< 7HA|
(value) @< ¢low HAch. J4 dolE= 1F A7F 0x7TFEO|™, 84
<A7F 0x0010¢1 714 #hs ¢lo™ FJA bojg o AAHE 35 & T

E A- 2. Implicit HEj2| C[O|E Mo @4 FMHE

Tag Value Length Value
Even number of bytes containing the
Group Element Data Element Value encoded
Number Number according to the VR specified in PS
(16-Dit (16-bit 32-bit unsigned integer 3.6 and the negotiated Transfer
unsigned unsigned Syntax. Delimited with Sequence
integer) integer) Delimitation Item if of Undefined
Length.
‘Value Length’ bytes or
2 bytes 2 bytes 4 bytes Undefined Length

- 112 -




Abstract

Bone age assessment is a simple but useful medical examination in the
department of pediatric radiology because the bone age information allows to
assess abnormal growth and to identify endocrine problem of children. Although
endocrine problems like precocious puberty can be detected easily by the
regular checking of bone age, bone age is not well recognized through the
medical community due to few numbers of trained doctors. In this paper, an
automatic bone age estimation system is proposed to provide bone age
information to unskilled pediatrician in reading bone age X-ray image. The
proposed automatic bone age estimation system consists of epiphyseal module
and bone age estimation module. The epiphyseal segmentation module includes
methods to segment fingers and epiphyseal regions. Finger segmentation
module includes preprocessing algorithms to suppress non—uniform background
effect due to uneven distribution of X-ray caused by radial projection, and to
find angles of fingers. Epiphyseal segmentation module includes various image
processing algorithms to find centers of fingers and end positions of the
epiphyses. Bone age estimation module using segmented epiphyseal images is
based on PCA (Principal Component Analysis) technique. Since most
pediatricians assess the bone age by reading the shape of epiphyses and
distances between metaphysics and epiphyses, we used similar features in raw
image as well as in edge image. The experimental result showed that the
proposed system could be directly used in clinical field because average error
between bone ages accessed by clinical doctor and automatically estimated by
computer are less than 1.2 years. Finally, with 95% significance level using
Student t-test, we verified that there was no difference between pediatrician

assessed bone age and automatic estimated bone age.
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