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ETeEXEBHs/ N RENTEE
RETEER ML AR 5

X RAT KER L ARE KA BTE KEE

L FIRME ROt B TR Be, LK 400065

2. YT SRR IR A F, T4 iR 518000

3. BepUIt R SOFAMEHT IR A ], Bk EH 712000
% AAE X WL L OGREHAT MRS S S BRI R ARk 03, 2 HAT X 2k
B PLMERARE) “ SARHE” o ASCRA T4k CdZnTe SRINASABEE - G000 TV Ko
BEEIIET- 6, BHXT CdZnTe -GBS S48, AT B/ —IRENEHAT A FIM B (K
AEMERIE . B Blife Iy IR SR S A el K e A Kl ) [ 4T s SR 2,y ik %
o s A 7 1SRRG P o IEFE I AT RS Bl foe /s SR SA XURE X S e R ) e i P e
REHERE, SSRGS TR i D TR RARAE LG AL L AN A S0 . SR AR, A
SCRT B S TR Bl e/ IR SIA I B 8 OB REAUL  BOARAE S B B o REIS BB 40 ¢
REREE, b B8 3 A IUAE R RS PR T 022 00 0. 032% , (RAEZAF FARLG-T 43R
ZEN 0.036% . HE—PHEARSHTRY], WHEBRAICE HOB T RICERIRRER I T IS
RZEZES NN 0.012% A1 0.01196 . X FILAEUAT AR 2 0 7 v B I 4 1) 1 % 8 0
TR L, FRARERIN A G (5 38 BT 5 AN S R 22 5 R K IR ZE 0, X H i 4 4 sl T PRl 1
THECE SRR 218 38 2 57X B 3 RO W () S M B AT R A s AR A
KR HEEL Bahioh o XAE X 4T

DOT:10. 15953/ 3. 1004-4140. 2021. 30. 05. 03 FESES: 0242; THT74 XRkFRAEED: A

WLRE X S LR 5 BEASCRE H AT T NS4 B B B A« aebrute” ™, R P B e 4
R B AT A SE [ GE. Hologic, W:[Ef¥) MEDILINK 452y wl sk ™™, [H A 7ok
Wi B A E IS — e R, (HRERRE X s o B O R R T s AR B
BT A . XOGTWRIE, B CT i, AR, XUAE X 2o, H
, FLRR A OGRS O e B AE IR R T R Yy e TE R A
Joi PR BE VAR LT S B AR, R P D R ) S AR AR 7 e S R S R
(VAN [F) AN 8 o R 75 Y I v 5 IR vt TR 1 BE ARG LA, AN B i A
PRRBE AR ERAHTE B S0, RS A AR, LA T8l . ey CT Akt
Tl ESEBRA E  CT B s Rk R T B B, (HR 4 5 CT A0 25 I Ik ) A
Koo AT ARSI, MECAE R 8 a5 2 W T B St

Wi HER: 2020-03-17,

E&WB: HEARBEES GETHUTIEMEFIN CdZnTe 1 7GH AR AT (61604028));
[l A K T S0 = (PG AL TR FFRBOEE (CdZnTe ARG g wma N 3551 P12 Wi A5
SAMEFABIFY (SKLSP201742)).
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H AT EBE R W AE X SOk BATIZ WO B, Bai Al N 20, 2 H il
I (R S 4 S B BRI TR . RS X SRR T R T RN B R A 2O
T IRIAS [FIwe SR AT B B8 BEAZ T, ST SR ) DAL PR A S R 25 2 v, B A AR T DA A ™
5, BE—ARADGH A BRI SO G, (AL G 1) N SR AR S BRI 25 A7 1 36 S nit B2 A5
SR U TR ST RE X S Ze R AR S PN BRAA TR 25 [T AT 1) 2 't H P A,
SRR, BB, L TREALAR /REEEAR S (CdTe/CdZnTe) AR SRR 7t Ba
DRI, AEFERUEE X S S BE S W AR (KO B0 P B S #0307 R 3 (4R

P FARMPRR G 1 T BRI 2530 o 1 B RE 8P R RE VO L, A7 R0 bR LR e
s R P e 5 X R 4% v K e D0 2 285 SR e P 2R 2 S ), 2k B AR B (10) AL 75 2 sl
AR IBOR . Ik, HAETWAE X S % LGS W R G BRI S AA06 7 T BRI
#ro PG IR G T2 AR R AR R A B 1R BRI AR A 2 ) A
TEAER ™ T 115 22 30T S I S v B G tg 2 i

A SCAEGF VI BRI 248 F0 & 288 55 FE VA U 6 b, @ B g s/ — e Bk
(moving least squares, MLS) J3 5 37 AN [RIRE IEARAR L 1) X B 2% e e B2 AR i T 40
G S EE R WL T 8l i/ — e i L M i S AL E RE RAT G R AN . RS
R R, XTRURE X AR B 85 2 W AR 8 5 B N P v A7 8 PRI 455 3 ¢ 15 32 250 A P T L
A BAF IR IE R -

1 RFEREBREE
1.1 WEE X H&B % EIRNFRIE

e AP RAN [ PR Y X S S TR AR E A0 7 A A ik S ke e 3 L s (AN TR R R X 43
2k, XUAE X S d s B SO A AR B 5 AL ZURT X A 10 22 5 P EA T
IZWr. B B A FE A, R T PR E e m iR AL RS Ry
NHBH LA R, 7 P B A AL PMMA. P P B, X X 2R
WCICR AT LS5 %

N BEATRA LU X E HAAFIRSCR . X Sl tk)n, HEEsI a2 X 5
LM AFAETE S, DI X S Z NSRS S LA H ) o P8 R AR ATAT N AR Tl e A X
(D Prow, fEfERE b, XSHEIUEYRE, el S it i, k.

d d
L) =L (E)exp (- (€)X + 1 (BY)). D

dety /dE AR 2 X HEIEIIEHE:  dg/dE ACRIEIMBHHRNU X MLy paq 20K
PMMA T AL PRI R0, S50 R BT LA 7 26 07 X3R4 x. y 20 IR IR K2 AL A PMMA
P BE

X SRR I 20 A P LA E NS RE AN S RE S P Bk e S, AL (2) ik

f :InU ‘;qé Ql(E)dE/f(‘;'ng(E)dEJ, (2)

0

Q.(E) 2fEfeE E NS AR NN, fEREENE Ey Ny ATRAHaX (1) Al (2) #
T RABATRN A (3), X Pl E AR A L PR 2 PERE i RIE X
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f z,um(Eo)X"':um(Eo)yo (3

W X ST, PSRRI T, BB TS 5 ek,
B AR BB % . Cardinal 5 SR 25 REAE X S48 15 IERE X S48 A BEAE I PP S8
MU Beer SEHEMA (3), MEAHFREEILAR (1) MAR (5

h | I
M. = RSIn( IOHJ In( IOLJ , (4)

Loy — Hop R

RbInE I j—ln( L J
M = lon o ) s (5)

’ Hy — M Ry

My M A EREFIRH AR B s g pagy AR LT ISR TR SR g oy
FERARAE IR R G R Ry FoRifikhE PRl RSz tt, il g k. 78
I BB S, SERRSRAF IO REE BT b RevE, T X S W B T AR R Ak
REMS, ABEITOy R, BLAESChr N R AR ERE A () FIK (5) T8

TEDRI S PERE RS E AR T, ok P P I P S B 1 e e T I8 3R AT AN [R] J5 2 4
A R AL F1 PMMA BRI SA - FF AT RN R G A, AEAS ST TAE P R T 1t
HCR I 25 D00 0 A I 0L Bk 0 B R DN 8 DN AR IR SR E 2T R RS SR
A LIS R KR BOEAE S AN R R BEAHERCAA (AL A1 PMMA) 2 S TR AL 5 0L 5 R
HOCR: AERRS A KBS R IR L, THE R TS BO A R AT 3E— D3R A0 . ) 1
B85 AL AR JE AR, AT SREBURH 11 2 2 A

1.2 EFBHs_REESEIMEUSEZE

WLRE X L35 8 R G i I RCHESL & S0 B 4k v il 0 il el 492
&, AERKFAEHE R, FFEAHE R RS A 2O AT R R, HUA
AR A AL G a ok s = Ok ) i 7 R R AT A IR RURE X 5 2 1R S
A, R X S P R I 8, RS IE DRI, LR I AN BE A R D i X
e At

H By s 5Tt o Ee X B 2eie (dual X-ray absorptiomentry, DXA) ‘B 25 AT KM
PG SRR RN &8 th Tl T EA TGRS NS, RINZHR R ool X 94k
I AEEAN IS S SN GG - R 2 55 i, Bk AR 48 2 o i U5 7 VAR HE SR
15 R E R B L . AR 0 /N SR oL A Ok E I R B A A B SR LK
S 2 5 AU R XE RN AR E W . B8 Bl dee /> IRk A A R v T S i T
R, (EEER G T RA RS, A S s G MR, Has
JR AU BRSO, S TRERIUE SR E . LGN S R
ACANEAIINEAI Ve /TR Re

MR /DT (moving least square, MLS) J&fi Salkauskas ' #&H, FHZEHTHLIE
o BUEG T2 o ARG D ARG s 2 2 D A Y R A, ST
MLS SVEIG pR O th R 2 S5 IE R B 1, R B2 0T X REL, MLS Sk A
WIS I — AR E,  ATAS B ANRAAE A5 R B I 25 52 BT 13807 R R, AN g X I
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AN I LR, BB AN S AT I B B, R e B S
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P, (x) FIALKER x 1R EL ) o, () 4L, A (6) Fion:

f() =Y @ (R () =P (Malx), 6
3= 2wl -x)(F00 -y, = X wix-x)(PT(x)a0) -, ) %

£OX) A M 28 BT 19552 A0 AH OC B e SRR, wi(x— X, )2 B AL FOO AR S, — Mo 7 B
PR, Y, 2 X T X AR RE: n 2EEE AR X (D KR a()/ME, W13
A (8.

aJ

EZA(X)OZ(X)_ B(x)y=0. (8)
AX). BX)EFHHARX (9 FIX (100 PR,

AG) = w(x—x,)p06PT(X,) (9)
B(X) =(W(Xx —%,)P(X), W(X —%,)P(x,),L , w(x—x,), P(x,)), (10)
Y =(¥u Yok i ¥n) e (1D

HARX (8) #—PHET, [BARENE a()MFREA (12),
a(x)=A*(X)B(X)y, (12)
f(X)=p " (X)A(X)B(X)Y , (13)

A P(x)=(R(x), B (X)L, Py (X)) & 00 MR, KB E Tt ATX)B(X)
BRI X ARKRIN R BB,y AR B HIUSN y {8

A = Y WX~ x)p(x) P () (1)

B(x) = (W(x = X1) p(x), W(X = %,) p(x,), L, W(x = X,) p(X,)) (15)

AL (15) AT, wx-x)fCRARE, HE 1 (a) MLS VAR E R, EREAT
S35, P9 (1 B R T A e B0 R TR R S A Y RSO, T A R nT DA Y
Bl A F2 HRAR AT s B R R, Y P AR EOR, R TS AR, RSN, T AT
FAroh, PRSI EE N, RS, AR EE 1 (b)) Frx. UReRECh T,
Bt/ N ZHIERUE A R T ARG N R

TEE %NS SEge rh, M % BEw s PR RERT K, 1R SCHT IS8 i T AH G 9 P &
TAE, XEIERE T SR EC BOR B A 6 (PR AL A TSR R, kRS
AE RN 2 R E S E Y ey € O DU 1) i 4 €781 Eon 29 & 2 N il £ 8= o N e R (e
P HHE f, R4 A X W EREE B S B R B e R . il PR
i, AR BT 1 R I RS BT AR ER SRS, 2 Pk AR 4 R mT SR 751 2% P AL
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Fig.1 Diagram of MLS algorithm principle

2 LWREBIESHT
2.1 LI/ KE

HR 4 AURE X G 2ot 2 FE AR I I B, 38 A ] 2 o XA XS 2R B % B o SE AT
G o RHEA 4 =16 MENME 2 ITTH CdZnTe EFEREIARIIEE (K 3), X HFEERE IR
WE A 120KV, CdZnTe ZPFRETEARIIZS 1 BE I E AN 10keVe XK 1 Far 18 414N [A]JZ L
Al B, PMMA BEATIN R, B X SERAE O SERMBBCEAE TAES b, RSEREE, JEATHEEARHE.
FIH K 32 98 572 X B ekas 72 AL B AE 1% 2k BB B4 45 keV T 80 keV [ I A X B £k
T 3 R 28 A A 5 480 B A S AR AT CdZnTe 2B BE TSI A 4480 BT IR R B AR IE
FOPIIEIE, MR S e SEMG AL 2 ANRAAE Fog s, PRARERIS
IR REORT SIZH6 25 SRR FRE IR 576

Post patient X ray
spectrum

i

K-edge filtration
spectrum

]
1
I
I
|
|
!
1
1

Raster scan
Calibration

5 Phantom
r— == L& =
i z; X tube spectrum
|
X ray |
Tube Sa3

K2 0UhE X IS s AT s K3 CdZnTe Yo v HUi # AR I 4%

Fig.2 Schematic diagram of the experimental Fig.3 CdZnTe photon counting detector module

BEAN, BRAE X S TR E A, A X B Rese Jn, R as L v ik
Ja X S LA OR X eI R E M o A5 A SR vHE A TR R S e R A i R 4
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MEFIE X G R, TSRS SRR, A SO B UG SR e
LS YRR R RO R

*1 KIEBIAGERER
Table 1  Thickness table of calibration module

AL F)JE % /mm

PIMA )
J# 1L/ mm 0 1.82 4.58 9.44 13.92 18.62
0 Point 1 Point 2 Point 3 Point 4 Point 5 Point 6
9.42 Point 7 Point 8 Point 9 Point 10 Point 11 Point 12
18. 82 Point 13 Point 14 Point 15 Point 16 Point 17 Point 18

2.2 SREEHRL

I AE i RE AU BE I 4 A T A AN R FE I AL B DL PMMA 148 5 1 53R4T s e T 1
B AE PH,  DARARAEBEEAE PL. PH ORI PL B A&l 157 X G2k o b Bl 5 (1 5l 5
FRL TR HBCE. B P O K5 Pk A5 Al . 8L MLS ARG TR, 20 il AR
A IR ERAR I S R RE B =4 oC R (] 4D,

18. 0 ~ G = 18.0
) “< 13.5

9.0
- \\‘.““\

(a) FfEAAE (b) flRBESAT
K4 MLS BRATEARFIRE R R SRR Al A 421

Fig.4 Fitting results of MLS algorithm with the module thickness under different energies
12 FHMLS 32060 AL T PMMA B IEBEARAE Ry IR RES 42 245 11 N F i P (S e s AT 1 &
ik — 2Rz T, WUEREAXBHARK (16) FIR, Peins AR MUARE, THX
SR} 2 A1 A R 2% e N RE A R, T MLS B RN B e N B A R, R
T =log(ly/1), lo A7 <A FHRMZE I N EAE, 1 AR RERBCHA S 4R 1 25

I Ed o

Py =71 0006 (16)
T
S ih 4 <16 LR CdZnTe AETERTIAREN 2 1 Fronf) 18 4> AL A1 PMMA FOAN[R] 5%
AABEATIRI, R 2 ZEREFMIRAESMT T~ AL R PMMA JEEEEHU G R 22 g0ut, Horhis KIS
AN 0. 12% o MARPIFREGTHEERPR, ARG IR, UG8 IR,
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HA (16) TRUEH, FJERGEN, | B OIHELE 1), BER T REZEEHRAD,

PR ZE SR

x2 JFEMHERE
Table 2  Thickness fitting error

PMMA [ 5% /mm

AL F)JEBE /mm

0 1. 82 4.58 9.44 13.92 18. 62

0 0 0.122 0.103 0.113 0.011 0. 067
9.42 0. 021 0. 001 0. 006 0. 026 0. 005 0. 004
18.82 0. 057 0.016 0.131 0. 037 0.010 0. 045

0.16
0. 14}
0.12F
0.10
0. 08+
OAOBT
0. 04+
0.02F

Bias%

0 8 16 24 32 40 48 56 64
Pixel

(a) PRV i 22 S A A

8. 0x
7.0%
6. 0=

5. 0=

Bias%

3.0x

2.0x

1. 0=

—=—PH-edge pixel

\ . . . . . .
module 1 module 2 module 3 module 4

(b) AR EARRRZE M i

K5 RIS TG MLS TG T 1 2 45
Fig.5 Fitting Error distribution of different pixels by using MLS algorithm

4 %16 [£kFF CdZnTe LRIHS RN HENATTH PR ZEHRIE 5 (a) Fron, FILAG 2
MLS 3% REfUL A IR ZELE 0. 0316 %, ARBEIL A P IHUS IR ZEAE 0. 036% o« AEHRI SRR

B IO AT AE W (P M 75 22 R 4 RS
MLS BEAUA 45 ROk T BRI 2,
5 (b) nf LA EIIAZAR R R IC G %
Lo b AR 25 T /e R RE SR A i 0. 012%,
RARES: R 0.011%, A2 MK T 300 2%
183 L TC DR 75 2 Seafy R IR, 505 T 4R
D3 5 TC 2 [ AN 5 1

& 6 5] A1S 3|2k CdZnTe M S AEAK
AR AR N 0.036%, =
AR AR 22 0. 032%, il
HREMBERICAE S (a) 193], {KRE
ARG R EERN TR TS
W2, WO, AT KA CdZnTe £

Bias%

Fig.6

I
0.0363v (NN PL

0. 0316%

PH Pl

K6 . (RAeHiRZEN

Average error comparison for
different energy data

BB S BEAE ELBORM R B e i, AR RES B BEAT W B 1, ARBE U 0 U A&

SRR, ik, CdZnTe H0I#%RKH]

BETE 55 AR SR N MR AR RN 245 5 3R
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i AR, ARREAR N RIS, PO B2 BT CdZnTe 2 S 44 ft P i 4 91 1%
RIZ A BN AR 5 2 ORISR 3800575 17 FH AR A2 1 R B2 2 it Ak P s ahe

BEfE, ISR P RRE I TR S R IR, I3 B e (R iR 22

#K 3 CdinTe WHBEREST G RN RKAERZE

Table 3  Errors of CdZnTe edge pixels and middle pixels under high and low energy conditions
wp WA NEDS eSS bASmE e
E3as) BRIz BRI ESaE) Bz BFE R
1 0. 108 0.071 5 0. 021 0. 023
2 0.076 0. 042 6 0.018 0. 023
3 0.022 0. 063 7 0. 023 0. 088
4 0.017 0. 096 8 0.013 0.013
Bk 1
13 0.018 0.013 9 0.010 0.027
14 0.014 0.015 10 0.020 0.022
15 0.014 0.024 11 0.016 0.027
16 0. 057 0.020 12 0.018 0.014
17 0. 056 0.135 21 0.015 0.031
18 0.015 0.032 22 0.016 0.034
19 0.092 0.053 23 0.015 0.016
. 20 0.014 0. 086 24 0.015 0.017
B2 29 0.012 0. 023 25 0. 048 0. 052
30 0.018 0. 025 26 0.013 0. 033
31 0.075 0. 041 27 0.075 0. 063
32 0.073 0. 086 28 0. 023 0. 045
33 0. 087 0. 095 37 0. 022 0. 026
34 0.015 0.018 38 0. 021 0.018
35 0.014 0.012 39 0.011 0. 047
36 0.016 0.012 40 0. 020 0. 021
itk 3
45 0. 081 0. 058 41 0.015 0.029
46 0.011 0. 021 42 0. 068 0.029
47 0. 058 0. 026 43 0.013 0.029
48 0.038 0.028 44 0.079 0.029
49 0.017 0. 069 53 0.017 0. 040
50 0. 062 0. 029 54 0. 032 0. 024
51 0.013 0.019 55 0.013 0. 029
52 0.015 0. 020 56 0.015 0. 032
B 4
61 0. 043 0. 020 57 0. 083 0. 025
62 0.018 0.015 58 0.018 0.016
63 0.015 0.061 59 0.015 0. 029
64 0. 022 0. 026 60 0. 022 0.021
HEF R R 0. 032
Kae Pz 0. 036
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3 IR &8 64 MER R IERARRESRAE T, BRI EER AR
ZAH, X HEFE T, MLS Hk T DA SR L G RE R ZE R R IS RO . IbAbh, 7Sk
Brid R, AR s 5 TR 22 (R BEARe 1 T AR FH S50 o (R B R HON A R AV AR IE
PR, ZSEERIBR BORCE B RIEE, T DR Hs B A SRR BB AN
B3, XS TH ARG R 2 N 3, R EE A BRI A, W] LD B
ABATIN (] o

G T AR IR ZEAE 0. 17% ~3.95%, TR EMRT 5.33% "W 5%
GV b, MLS SVl KIUA R % 0. 12%, FSHEAHBAL G vk Wl Bty AR 5
K& B g5 R0, CdZnTe D61 o BUR 5158 3% oo lE s R4 AT LA R E N
0.032%, fRAEAME FRIA IR ZEH 0.036% , AN AR IE R A 5 B e KUl 45 1R 25 AN ot
0.12%, MHMELLBE R FIo T OB E R IT IERIRBE ST T UG R 22 22 R AU
0.012% 5 0.011%.

SEG TARR Y], MLS SR RENS A R it S AO6 1 VT Bl & 10 B BRI BDRS 12, B
RGN AL 2 18 3R P TCAR 5 ARSIVl R IR ZE U, X H i e B sl Bl 5~ -4t
SRR 5 32 22 o0 i 85 LIS IR V) 52 i BAT BB () SR

3 #ig

BERE B AT CdZnTe SEFEJG TV SHRW B0 5 5 40, AR SCTTLOMHT T 3
T MLS B3 B/ RIS 0T 85 DU el Bk, R IR B b — e A i
FUATRIFIR B RE, RREIAR A0 15 R0, 0L 2 T L5 A O B
LS 1317 55 05 1 5 ICKE TS0 5 -5 6000 A9 4 4T
PERLE

STHE 2R, BB TR I b SO i L A B R T LA RO
T UPRIN A BIGF TEE BB 10 4, WA CdZnTe 6 TV MORIIB 63 20 7t
MFTREDA TR AN 0.032%, (RALBLAFHIIRIED 0.036%, A FKIEBILE
R 2 AR 0. 129, FLIRIN B4 538 20T 15 o D 0 T AE AR A 16
B % SUH 0.0129% 15 0.011% . BRI (LA 2 TABAL,
B A~ TR A S FAT SR AR, )8 M R R0 5 3 e 5 A )
P2 SEAORIN ARG, JCHEAT IR0 SCPERT H T T oS08 S 600 3318 3 8 R 32
AT BLAF IO

S5 3Rk
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Research of Bone Mineral Density Energy Spectrum
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Abstract: The dual-energy X-ray bone densitometer system is the “gold standard” for current X-ray bone density
measurement technology, which holds unique advantages such as high measurement accuracy, little time cost and
low dosage. In this paper, semiconductor CdZnTe detector module was used to build a bone mineral density
energy spectrum measurement platform operated by semiconductor photon. Based on the characteristics of
CdZnTe semiconductor detector, we performed the moving least square algorithm on the high-low energy fitting
and correction of different materials. The moving least-squares algorithm changes the degree influenced by the
surrounding nodes of the target data point through the weight function, which can make the fitting direction of the
data point more flexible. The research analyzed the data processing flow of the moving least- squares algorithm
performed on the dual-energy X-ray bone density measurement value, and completed the bone density
measurement experiment operated by the high-low energy fitting and correction algorithm based on the moving
least-squares. According to the experimental results, in this paper we designed and intended to achieve that the
dual-energy fitting technology of bone density based on the moving least-squares algorithm can achieve better
fitting error accuracy in practical applications, the average fitting error of the detector pixel unit under high-energy
conditions is 0.032% while the average fitting error under low-energy conditions is 0.036%. Further data analysis
showed that the difference of fitting error between the edge pixels and the center pixels under high and low energy
conditions was only 0.012% and 0.011% respectively. This algorithm can effectively improve the bone mineral
density measurement accuracy of semiconductor detectors, and reduce the influence of errors caused by the the
pixels at the edge of the detector. The photon-counting detectors have an improving effect on the bone density
mineral diagnosis influenced by pixel differnce of linear array or plane array photon counting semiconductor
detectors.

Keywords: bone mineral density; moving least-squares; dual energy X-ray
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