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Abstract: Multi-modal medical image fusion provides a more comprehensive and accurate medical image description for medical
diagnosis, surgical navigation, and other clinical applications by effectively combining human tissue structure and lesion information
reflected by different modal datasets. This study aims to address partial spectral degradation, lack of edges and details and insufficient
color reproduction of adhesion lesion-invaded regions in current fusion methods. It proposes a novel multi-modal medical image fusion
method to achieve multi-feature enhancement and color preservation in the multi-scale feature frequency domain decomposition filter
domain. This method decomposes the source image into four parts: smoothing, texture, contour, and edge feature layers, which employ
specific fusion rules and generate fusion results by image reconstruction. In particular, given the potential feature information contained in
the smoothing layer, the study proposes a visual saliency decomposition strategy to explore the energy and partial fiber texture features
with multi-scale and multi-dimensionality, enhancing the utilization of source image information. In the texture layer, the study introduces
a texture enhancement operator to extract details and hierarchical information through spatial structure and information measurement,
addressing the issue of distinguishing the invasion status of adherent lesion areas in current fusion methods. In addition, due to the lack of
a public abdominal dataset, 403 sets of abdominal images are registered in this study for public access and download. Experiments
conducted on public dataset Atlas and abdominal datasets are compared with six baseline methods. Compared to the most advanced
methods, the results show that the similarity between the fused image and the source image is improved by 22.92%, the edge retention,
spatial frequency, and contrast ratio of fused images are improved by 35.79%, 28.79%, and 32.92%, respectively. In addition, the visual
and computing efficiency of the proposed method are better than those of other methods.

Key words: medical image fusion; multi-scale feature frequency domain decomposition filtering; visual saliency decomposition strategy; texture

enhancement operator; multi-modal abdominal dataset

& A BT BN LR R I S 55 Rk J, 15 2 BB BEARTE ARG PR B F i R HE 6 ok I TR A BT A
BHLELANEL AR R, B — % R 25 R AR IR 43 4504 5 3 788 X 3 10 JR SRR AE . 451, 1 SEEHLIT 2 94 (computed
tomography, CT) 5 3= B s il & 6 S5 B0% 35 B 4215 L. A3LR (magnetic resonance, MR) BG AR H5 5th T4 (8] A5
[F A 7329 MR-T1 F1 MR-T2. Hir MR-T1 EHE 2 S Weds B 5 A 2RO M 4504 MR-T2 IGO0 21 H i b
B, FERSE SHLA MR R K EABAAE . BT RSB S Z 3/ (positron emission computed
tomography, PET) EHG M & 118 38 & A V) iE PEANAURTE BN, SR, 45 L AS 5 X BT R A 1D 28 3R TGV 456 I AR %)
P 2R B RIS A5 s W, SR BRAR T R 22 Wil e, B9 T B i IR A, SEIS M2, AR R
RGNS IE Z [BI7E — E R R E (S B AN, X EAME B NS E B GRS AR R BRI TH
RogAE, (ARG B Re S IR (L TE A . TE T SE B AR IR, DU TE Lt IR 55 T IR PR LA .

H i 2 B2 2 2 FUMG Bl A B AR K B0 Ak G 7 i AR 2 S 7 i U R 3. b, 454807 1035 B0 i 25 [l 1%
BB e 2 B BUE T B AR RS MR, W BRI . RGO AR ZE R, HA b A G B R
HR B R 2 AR AT A P, 2 $a A FE e 125 25 PG AR 3% 2 s €6 2 1) Y R A 0, I T8 UL A 035
BRI 3 A o B RIS 4 o T 45 2 deleb A B 6 A R BR AR 2R 2 ) 2 TRV RI R BE R 8 15 IS, (EL7E i A5 B
9 2 I EES FEREBRAIG . 90 S i iR AL A5 1.

USRI GIN BB T i) B, g% 2 EUR 2 R 43 A7 A 2 il iy, FER) A 4Re s -4
FOAE R4, BE SR B A RS MR, IS sl & S0 2 5 4075 ik, R FHFLAE IR A2 W il o ik K A
NIRRT, HORTH WL A R LS 4 i A e B NI Y S G AR R IR (edge preserving
filtering, EPF)'Y, £ R A (multi-scale transform, MST)! A1 25 2 73 il p i U248 22 2 23 R D A'F 9 — Tl U 45
BRI HSZ B I TR, B R 2 R 2 AR JZ 43 R LA R R, /0 T Rl a7 AR ) R AT
YURASE, 18T T Al BUR B0 S O B RS A ALk, SR, B 2 94y R bk i = 0t PG S0 2 R AR AIE PR 1 0
I Bl R ) 5 R A S IR 58, AR 5 SR RS H IR 70 [X el A2 2R A BB . SCRLRR B A AN 2 5 i)
B 1 R, %% B R TE B CT/MR BM% . CT/PET BRGNS Z . FIE BRI R, Jxt & HHIE
20 MR G 5 R H e B BEAT R & 1B 1(c) I CT/MR & A XU 45 00 i ) [ 286 326 07 48 [X el e 5 7oKk
BN RIREERE, 2 DU EMGIROR I $55 Hh J) Wr et 28 R RS 21 4R T AS AL B, X TR R 22 W Hh R AN mT 42 52 1 Tkt
T CT/PET fili &, B 1(f) A Ik 445 Jo A0 JFF T IX S8R 650 TV B 25 2R KR A RO PR 2, AT HE A & LR B R
VR I 4 AR 45 ]
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(2) CT B1& (b) MR Elf5 (c) CT/MR @& G (d) CT E1% (e) PET B4 (f) CT/PET fili & &5
1 2R IR R G ER

BRI 2] J7 0 T JL 0B R A RFAE 27 2D B8 7, I B0 N I PR SRR S AT g oA 18 8 P9 81 s A IR 3R, AT P A
Al R, FEAREER AR L UL A o 4 g VR B A A 4 VS, TR B 2 31 D VR B R I T,
AT DA 75 5K B 5 AR RURFAE. SRR, TR 2] 5 B AE A 1 22 Bkt B 5, HC 5 K I R s v B A R
BESCHF, FEAR T SEBR R 37 357 b A8 T 8GR AR AT LR, FOE W B SR M 2 T S5 4, P S I RFAEAE A
FER R, B AF N TE MR ASAL Py 3 TAENUH . AL SE T R AT SR I R Y, B0 T ol 4 SR 1 1 1 A VP
ZIRHERIL.

N TR R A, AR T — R T 2 R RRE A 2 R UE Y (multi-scale feature frequency domain
decomposition filtering, MSFDF) 11155 %7 UG il 15 75 V. 1% 7 VAL 8E G R RN 25 FF A5 1R Stk b, BEAR o T
AR eprn & UGBS 70 6 iR AL R, SCe AR T BUA SO A L I R F 2 RFAE SR R A BRI SR AN R AR L. BEAh, %
TSR Z AT IEIREAE, ASCERCHE I R AT T 2 B IR R 2 BUE B Ak, i e B2 2 -G i & 77 0 i
EVERT TR B T SIS

A FETTERE L LA 4 N5 TH.

(1) & T — M B2 R Rl & 777 MSFDF, $I8 BRI T 2 SO E . $RZ ML Z 2, A R80R R T
BB AN 78 00 TS BUS SRR E RS (R 22T ME A X 7« U255 40T RF AR R 2R 4 7] AL

() AT R AAFEERGE VG R, $th 7 —Mlos 825 Vo il g, A R 1R FR BAR S5 0, IR+
BT RhE BRI 2 RHERR S AR, FEH — R T AL R E IR . KRR S R 2 I 4 FAH L — Btk 9 NSCT filvs
SR, BE— AR TE T Al E R S R EUR I 45 M AR R L

(3) 9 T HER X 7 SURLRE BOARTS J2 K, SR T — R SCE N 9 AT, MR A3 1) 5 5 R T T SR EAR Y S LR IR
S, BB RE T VN CT Y TR BB 0, AR T R AR 2R X IS 2 IR TCVE X 4 B I R, G B T A R G
P I3 BIS W S5 SRR R B BR AT 5T,

(4) B B B R AR . BRORA B L R C v, SR 4 403 X IR 30 2 B = 2 IR K AR 7E https://
github.com/jchengzhu/Abdominal-multimodal-medical-images #4758, #— B IGAIE T A S ETERR IR 2 BB
R RIS, D JE SR PR R & A E R R TSR A )58,

ARSCES 1 EL AR IR AT R R BRI M O T . B 2 N VRAEA A A SCHR HE (KR4 U572 MSFDF. 28 3 5
W ZH AT TSRS EESEES, M IS R AR SO VA A RO, B 4 T RS A, FERTARORII T A R

1 H8xTIME

B EANE e 2 B R R 5 U h — DR OB S0 3¢, IE AR A2 B2 53k, HE HA AR E G
FRFIE R Rl AR EAAIX 3 AP IR RIS A K 2 403 T EEOBUR B 70 il S AR SR G e i & R, 2L
TR EBRHAE A, R S BULZ .. QU CRE R R R, RABERNRIRYE. Jok, BRIt amiE m EGg 2
RUZ 2557, L P& B8 2 FUGR S KR ARAE, A RCEBLR & R SRR AEAAE. il WA BRI A HELE
5 MST! . EPFUAIZ o ik i 255 RIS, #RFAE 2 i & H U R PE SRR RS A0 10 5 25 07 T AT IR R, B
U3 R P B T Al 0L T e R o 2 0 . VR B 00 5 35 1 O R T 2
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11 ZESEZEGHESR

B 2 REZEFR 1K, MST IEfEA— Mo B ME 5 03T B 32 B T 5 2 UG Rl & 0, H 32 B HE S
JE AR 4 U B A 4 USRI A TR SRR B I 48 ¥ (non-subsampled contourlet transform, NSCT)! 4% 55 {4 45
Py ke I I R A [R], MST Ji i B 2 REE AR A0 RECE A EHG E, M T —Fh 5 N AL B e Al H
AL Rl G T7 20, RO T AESEA G 4 BB I A R . U % 5 MR AN B AR S ) L SR [19] $RH T —Fhk
T NSCT HEGRE 77125, 5 @ AR5 2 590 R P AH AL — B AN = 8 Bt 4 307 e U HEAT i, B R0 T T
SR BUG H 10 AR BRI il A AR SO R TE. R, MST 78 UG 0 i ROV MG ARG, BT B R
(AR BARRRE . S AR S Bk, IR T RER KL%, M-8 nfER.

EPF 2403 7 L3R (o) i, H 3 SRR 0L 8 M. 51 S8 "R R gk PO R Eh 5] S UER (rolling
guidance filtering, RGF)? ilif 5] 5 BRIV 5545 K o5 S ARSI ARURE B, DAL AR BE 10 2005 B IF T BRIR S, vk
TS5 FUEBAT I IR 25 5 D S0 T SO 55 2Kk B 1n) /. 515 77 ZIBLF 34 9E9% (guide variance weighted
average filtering, GVWAF)? W LT /2 T EPF ¥4 e, BAR BT AR 32 B T B g ah & 45, 18 Hal i ik 48t
TERE A AR B IR B G S BORERE. S0, BT EPF R e DA IR, /AN o EEFE s 288
HRFAE, 1155 SR A U TEVEHERA AC 3 & 245 I, H I EBRFIE S o . =5 4 it 45 7] R

IAER, 2 Qo3 f ik 78 EUE Rl & SIS T B IR, Ho4h& MST A EPF f3%, idid # ORI R & = 27 14
BAF RS R T7 A RRAE oy 2, 3 smml & MR IA & e LA R SUH S 2 HIERIE, BA T HE AR & ATt
I . R WL 2 S0 R IE I A0 FE 22 SN G AR B IE I P 22 2w i i SR ik PN 22 RRE R 7 B i e P
SCHR [23] $R T — R T 2 G W il SR DR N BUE R DT, SR RN R . R REFIEREZ, R 1714
H AR AR H T TRV G E. @ Z 7%, A BEORB I & MRHERTIR, v T AT 542 4L 58 6 |
HAMKEER.

TR G Ehie Wb, Joaf 4. SRS MR IEXT F AR E. BEESMTSEMREREZLE
FRVEH, RERBTE AR TR 5 Bh = A= v i e A TR B b BEFT S A IR & S5 4. SR T, LA 19 2 oy il D8 vk
T8 R UG BE 2y R RBE . /N RBERIEEAR =, HARERAR BN Gt B 2L 1% B B SO RHIE (4658, S50
A G B IF AR 28 XA A . AT R SR I, SR T RS UG AN T BN B R. eA, Eid 2 ay
fife = A B AR 2 T K RS TERHIEAE B, H AT BB 7V R B 78 40 R FH 2R 2 o BT I B 2R R, PR TR
G ITVEAE ZRHERIE T I RIS . SR, MST FEAN [F] RBE_ERe 88 0 & & 8 RHE I BB AE Bk AT 2 Al S A, AT
IK B RR AR 7R R DR B 1, dE— PR e T RS BRI Z A VR S e . BT, AR R —
1 ) 22 0 A3 AR AE SR, S SSGdt RIS MST, DARRHRIIA 77 V5 R AFAE I BNE R AR R 22 XIS X A 2 . 4u1y
R % .

1.2 ZHHEEREHM

TEZ A R 2 GG T, 2905 IR UG 3 A B REERHE R, BARRHEZ a8 Ik 2E
F . N, NREEFHEZIEHE A EE 2 WA 4LEE. MU NRARSEMTE R KRB ZE W O 53R B
B TR I A A0 BRI OO, S 2 D) 3E 6 B Hh 28 B 20 SUBGL AN 980 51 MG 2K B AR &5 . A RIHAE 2
N 2 15N [F) S 2 [R5 AR RRAE, TR e B3 A - R AIE 1T R B o B 2.

T BB B Al A R NE o TH L R OREE . B BRI R A S R, B R BT R A R T Rk e
SCHR [7] B H T — I T R AR FE e E S R Rl G T, 2O VR T B A R K B AN AT IR R B SE BRI I
LG, 5T+ T G BUR Sri gk FUG g 7S ) Eae . SR, BUA HRlA FUNAGE T G 5R FE SRELER (S B, 20
W03 AR 45 2% DX SN A AN 2 KA B I IR, AR OK 2 = 2 I (1) e k.

B —Fhh 2 TOAE BB LR (AR, 2 T il & 2 M 2% (pulse coupled neural network, PCNN) [ 2 3  ©!
B SR RRA TS, B IEE T 5t T IR/ NG S, IR LSS B 26,5 /b SO 1)
B 40155 B, SCHR [18] #&H T —Fp2E T PCNN @& U A 208 G Rl & 5 i, I TR A% 2 RES
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fif# 3R PCNN BEATRE, 780 IR B 1 oK B B 2% MR I B 2R G088 B AR R-AE. SR17, PCNN fERl-& G I8 3 7
BT KRB BERTH B R AR R TR A RS SR (1 KM R R AR T S, W SR R e A A
PCNN, 22 ™ B 5211 & 512 W R R0

BEAL, B Aoy AL R R, JE T 090 S35 1% (graph based visual saliency, GBV'S) ff g1 ) Ph@ it 4= 4
PR DETE AL, ZERRAE 2 AR BOoE B I 9 — Ak, S B G & R P 80, S S 4R IE,
SRR R S R I 3 BB B R X 3, 45 B s A R L o e 5 A B A A5 R R X B A RS
B SCHR [26] 5 51 5 380k 22 G o RN — R R R B BUE T4, R GBVS IR A T B EMEE,
WO L AFAE R IE, R B 105 b B I AR A 1) A 4R 1T, GBV'S JE i x5 A5 B Bt M sk 48 8 X 3, HLEE 24
EUR s Ay 2R . SOHARMEL, i AR GBVS T RE S EAl & B IR Z R A BUR R H AT inl L.

BT R R SR, ASCHIRERE —FhgCE T, W EIE A (8] 5 5 B 7 T e BUSUH 2 RN 251
R, Bl G 7 VENT A2 TR R AN RE T, R X o H AT 2 k. WA, R T B R ECT 2 FIREBTERHIE, A5
IR R — PP 5 2 2 1 2 R S s, it GBVS. PCNN FHAR AL — SRR Sk 1 i B4 A5 8, 3 — 2D ase 1 k& &
G S5IREG I AR R, iR U 4 HTRG 7 v PR TGRS TR 2 40 1 )

2 KXF5E

NT FAFNLEW . AHEE. CREEmMRE BIR, AR T 5T 2 R RHE A g i 2 5
= % &4 il 77 7% MSFDF. %777 614% MSFDF 73 fiff . &HHiE /=Rl & . ¥ MSFDF HEAHIX 3 M, W& 2 fioR.
14, i8I MSFDF BB NS SOLE . SEEMIAEE; ik, 4 5 o 528 o RS . 8L
HEGRE T AN — B R R R R H T EIRRHME R BT RS )5, 1811 MSFDF ERGRE RS ElE.

K2 ASCTEHESR

2.1 MSFDF %3 fi#
N T T T IR AR 1 % RHAE, S8 IR R A, B (AR GEFR N I,) BEATROMIALBE . $E G 2N JZ (8] Z 1A,
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AT A W RRHER T SO, REAILZREE, Wk 3 Fos, Hob, sl Bl FRoR PR R GiEd £ A
BHT R O HRAE. B e, I 5 208 o MR BEER G, AR 1, BEAT 2 RO AL TR 45 R S, BI:

Sw=Guxly 1
oo, « ORI B G, 1 PRI VERRATE. [FORT, ST IVBUTH) 1 S M B e e O 4R 1, (),
o Ii=iry,
INOE E,;wexp(_Trﬁ)l‘" 0 @

Horh, jRORBER | ARG R AR, H, B 0 — 3R AE, N () FoR B R i AR B RARNERES, o2 Bon g

I, R 1 IR e — &
i | F
5T 1R T SLESRi}
S| i NS ] o Dl = — 1® =
I m ) ) ) i fa .

3 MSFDF 4} fifHEZE

HIR, NIRE & SRR R L, () IR E RESHIRAE, J8IE 22 30 (3) AR IA G B AR EARX SR R I R B
RERG L, A

. N
=il e D) = L @)

3

1. = l Z exp
7 ieN(j)
Hor, Z, FaR A 02, o2 43 BB UL I 2 1 25 TR FELRL AL, 43 608 o 3 A 0117,
Wi, A I 51 SRR B2 AR e S B b e B TR AR R 1, 7 AR DR R 1, B
(L), = @M + by, ¥k € w, @
Horp, i FoRG R AR, M FRORE T BB a; M b, R R B MEAR 0 R o, FoR MB R i AH LR E 1, B0
RN 3, M RS R T AL B ke BB ER O LRI BEARL; (Ti), 7 (0L Je JITE IS (8 3R A B 51 3 DB U8 =
LA . R MEAR BB E SRR A, BRI

Ea,b) =" [(@M+b 17 +1a’| )

Herb, A NIENE R EL A RIELME S HOR T RITRTHR T, (1528 751 S B& M RS R B 1, SReRRER
1R 1, Z IR0 25 RAT REDS, I T IS8 F,, BRI SRR RN 2 o .

O-ZUI = Ftn(lgui~*lgui) _Fm(Igui)~*Fm(Igui) (6)
Hrp, * FoRBREBH.

BRI, % TR A R B G, IR ER T Z G 8 —DEE U c.
1

c=—— @
L+(02 Jo2)’
Hp, 02 RIRA:
o= S.*Fm(O'im) ®)

© PEBEERKCEIFR  htps/www. jos. org. cn



W F @me) B ERRRA 0 S RE AR IR IE R 5693

o, s RoRTIREES AL, WA 021 P BRI, WT DRSS N:
I, =G,(c.*I) ©)
LSRR AR (20 1 e B RAR R AR A AN R, 077 A58 2, 3 e ECREE IR 10 (i = 2,3) AT B
B0 (i=2,3). 4% b, ZHEESEIBZLE MSFDF 3= ATz I, « SC0E I~ $0BR)Z T, MIAGR T, B

ISL = 153) (10)
i I,—19 i=1
(i) _ in s
ITL—{ Iﬁi—l)_gléi), i=2.3 (11)
I =1"-10,i=1,2.3 (12)
Ie :Iin—lfl) (13)

22 BYEEERE
221 “FERE

2k MSFDF 4 i, P 2 & #4554 2UR 8= R MK FE L DL R SR P e 4B 8. [AIE, L0 i i R PR 5 3
IR D B A YRS LRHE. B, PR E R E A B ELET NSCT B R, P45 14 Z @i
55 RE TSR A, JE RSO TRAL T, PCNN FUAHAL — B4 BT SO E . 28 E B B A5 5t b 4
BEATALEE, FE— DR B S B AR 2, SRRl G SR 1% B B A R SRR, B 4 FTR.

T <5

Lk
HB

SL

NSCT

BT
R

ARt

L

B4 P2 U008 35 o i

i3 NSCT 73 fif, 13 2 it 6 8 AR RO O 4 B e 0 5 R AN 2 A SUBRRALE, (R AN 2% e - HH B 17 B
Tl RO, BRSNS DL, 5B A R E DA AR R R T RIS 2. T PCNN ARy —Fif
FEWIIE RARZ 4, BENs i RCHI T SRR 2% Serh b i/ RBEGS R (5 8, DR TR o Gem & 0 ). k1
It 4% PCNN RN B @807 AL B ep ) R 7Bl A X5 5 2 @8 712 B R ERE 77, AT i 32 i 2 )
R E5H 5 SURRFAE 1 F Y. RIS, 32 B SOME R 500 56 14 2 il 1l HEAT Bl 7y, 2B — 2D 32 il & LD P 13
PRERCEL . LFAESUR IR IR RERE. I K RS HESE, TR E 5 14 2 s R FAOR R R 7, 5 S 2R
F PCNN X 4544 5 2085 B 5 I S & B S 05

X5 1-4 JZ 1T 5, GBVS fE 8 —Fh &5 & AL L5 i BHLEI ) B GUREN 53, 25 15 25 18 3 R XT
5 PR AL 0 2 25 P DR, DA R R R 2 PR E BERRAE, 7 R o R R RS DG 5. 3R T 5 IR PSR DU 55 77 T
HARZFMRS. F, ¥ GBVS HI T A& A LIRRHER S 14 Z &1 h, i — DT & B 5 IR B R
AEARMARE L. X T 55 14 J2 g i, 0 i g s SRR AE ) S,y RPN A G R A B S, BEJG, 72 S,
e S IR AT A, I K AT R B RS S IR A R S B R G R AL (1 2 A, IR RN RFAE RS A — A AN .
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Hoh, S, TERTIA p B g H WA BUE € SUA:

wy(p,q) 2A(P)-F(pi—qip;—9;) (14)
Hrh, A(p) FRTE M BEWEE, FRARBTL p Al g B0 RBRIMNEESH. &/5EdHH SRR

’ﬁiﬁ’ﬁ@ﬂk AFENE—RHE R M.
T8 3 PG 3 MO DR/ % HH D B B R R RRAE, 15 BT R A 14 )2 ST SR AR B S e (3, ), TE

XA
1, if My (x,y) > M psi (x,y)

S timap (X,3) = { (15)

0, otherwise
HER DL T BB TR E S5 14 2 REHT 2 R L () B0
HZH(6,Y), i Spy (1,3) = 1
(x,y) =

H,>*(x,y), otherwise

HI<5 k

Fs

(16)

EF 55 5 J2 AT R PONN HEATR &, 15 AR AL AR M0 28 0 0 i N OB B2 N, 7521 4 T 110 P 300
I W, (n).
Wi (n) = & Wiy (n— 1)+ Hy () (1 + BK; (m) a7
o, n 5% PONN SEARUCHL n, FR TR ORI A G B 2R BEBEIRIE H,y (n) I K, (n) 2 BIFER M 28 T8 100 N
FIBEBEAN, B:
Hy; (n) = [Hj (e (18)
Ky (0) = Vi )" UyyRop (1= 1) (19)

op

Horr, v, FoR B IRAE; R, %8 PCNN f B U, o )\ RIS 22 70 e BT % IR, B

05 10 05
Uy, =|10 00 10 (20)
05 10 05

[, SEAREE T MR s S BE E; (n), B
Ej(n)=e™E;(n—1)+VgR;;(n) (21)
Hrr, g, Ve 2 AFTRTREBEE IR R BN E,; (n) FIIRIE.
HUH 200 A BB W (n) 558 n— 1 YOS MIZ S BRE E; (n— 1) 34T R ELEE, FIT PCNIN 4y i 57
Py (n) WPIRAS, AU A5 5 2 i1 PCNN SRR T (n).

L ifW,;(m)>E;(n—-1)
Pij(m) _{ 0, otherwise . 22)
T;j(n)=T;j(n— 1)+ P;;(n) (23)

MR UL HUW SR Z 58 5 2 Ml i s B H o (), B
HS* (x,y), if TH (n) > Tg:fL (n)

AsL AsL
HE (x,y) = { J (24)

Hgsf *(x,y), otherwise

B, PR T A IR Y (xy) 5 SR
Hy, (6y) = Hi3 () + HiJ () 25)

5 R AN F, SEH RS S A KRR R KRG R, P OB I A AL — B B (5 B AT 1 o
KeBE, DLt — DR THERI T (5 B Hovh, AL — R I A, 4 T S i TR 5 6 375 T 52 R PR AR R AL 1
I AE (x,y) AL E SOA:
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D By (xy)
W YD Ay, (1))

Forr, m M n 73 BIFRTRAE T RAETT 1R IR s AU AR KA BT IE D M2 EG 6, RoRBLT m A IITT A A, g, TR
5 n NMEEH D BIRIEAN A 0, KD o ZomH T EREGIALDBNSEL E, (xy) E XN

PA(x,y) =

(26)

Ey, (63) = \JF3, (6.3 + 3, (x,3) @7
Fo, (63) = )" aug, (.5 (28)
Hy, () = > by, (x.7) (29)
HH, a,6 (6,9) T b, (x,y) FANFIRAT (x,y) MG EFIEGE R, /)
[anﬁ,H (X, )7) > bn,é',,, (-x9y)] = [A’ B] (30)
A=L (x,y)-D; 31
B=1L, (x,y)-D" (32)

Forft, DA P 5~ HEREER/NH n 1 Log-Gabor 12 BRI 2841,
ST, IR A — Rt LR AR B, T v R Mo e L B A A 0, BB 31 R B PR L B, B

3 3
LSCM (x,y) = Z ZSCM(x+m,y+n) (33)
m=-3n=-3
SCM(x,y)= D" (Lyy (6.3) =Ly, (x,))° (34)
(x,y)eQ)

Hrp, @ FRUMEER (x,y) AHVLRIREE 1, & 108 3. AN R BE R R B8 15 5 5, B

3

3
LE(xy)= )" " (L (x+my+n) (35)

m=-3n=-3
2% L, ARER S MBS T LM RoR N
LM (x,y) = (PA(x,y))" - (LSCM (x,y))" - (LE (x,y))" (36)
H s, S PEBAR AL — BOMEAS BT SR AR T4 DRI S 10y (x, ), RE SON:
1, if LMy, (x.y) > LMy, (x.y)
SLmap (x’y) = (37)

0, otherwise

FRYE LT R0 75 380 -3 R AR T il B U L (x, y), B
Ly (x,y), if Sppap (x,y) = 1
Ly (x,y) = (38)

LBSL('x? )’), otherwise

B, I NSCT Xl & Ja B R AT Hyt (e, y) AMEITAHT Ly (x,y) BEATERAE LA, 15 20718 R & BHE

Fg (x,y) .
2.2.2 SUHEZEEE
SO RS K EHR A SERERUNGH, HRIARA T ERAR IR E. S SENREEE

ZOREEER. BURRERE v % EUR AN 1 E B 5k, 0 T R B AR LT 4G o A 1 . SR, B — HA%
G B R TRl FUN 2 BSO8R % RN T, 72— ERERE L S B G FER gE T Bk, (R, imh &
WU TR A S 2 ) 2 R AE B, 12— 2D BRI T X B i 48 1) J5 £Ri2 . 48 i, A SCHR 8O a7, @it iR
BreREtk. BHRUBMILLG % S 2 4R R, A AURBOL SR RE R4 1T RIX. (x,y) LM EG R B E
SR
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EM (x,y) = exp (M|l (x,y) - PI) (39)
Horh, M FRORINE R P ARIR SR 2 O AE P A R FE TR, R
P = (x, ), + U(x,y), (40)

HH, (I (x,y)),, T (I (x,y)), B 801 2 BG4 &= HEAPEIIAE.
IR MRS R A R R AR 5 B, SINEGR, B B SRR R E D, IS S, B

256 256

1
IE = — 1 I 41
() 256X256;;og2|n<x,y)| (1)

SR, G BE R R AR AR 9 R A 155 B Al TH &, JoiRRIA GO R 5 8, S BB A2 X LR
ZRIRZSAE LA 345 i . (R, SO SR T 5l NILG R, R E BRSO S MR, (x,y) AR5

& SUA:
ED(x,y) = +/8(x.y)" +8,(x,)’ (42)
&« =1In.*h, (43)
¢, = In*h, (44)

Hr, b A0 Ry 53 RFRIRTE x Ay J5 18] B Sobel T
i b, B i ERSEE R TR R N
TE; (x,y) = M (45)

> DM (x.)
i=1

Horr, i A0 p 43 BRSSO R T SO SR EG DM, R | RS0 Z I EAE, Bl
DM, (x,y) = EM;(x,y) +1E;(x,y) + ED; (x,y) (46)
Ht, TR R AU R T, R A AR R 2 R rp B 9 W 2 A SR 4T 5 7 (AL, S0 = R
FE T, (x,) & SR
L, if TE4, (x,y) > TEp, (x,y)
Toop (x,y) = { “n

0, otherwise
R LA T R0 45 5 3 2 A B FO (), B

. A(l) (‘x7y)’ if Tmu)(xvy) = 1
FO(x,y) = { o ' (48)

TL . )
BY (x,y), otherwise

223 RRERERA
OB R AL R A A 2 4R DA R R S B I AR 1 A B R JER A S, JE SR R AR — B v SRR B R R

5B Cap (x,y), HI:

1, if LM, (x,y) > LMpg, (x,y)
Chap (x,y) = (49)

0, otherwise

Ej}% ['J\ jEJL)\IJ '?*3 §”ﬁ bJ?UZT '1‘]5*!2\ = lz]/fg{ 1 C(i) (-xs y) s E :
A (i) . f C =1
F(l)(x y) = { ( ) ( ) (50)

B (x,y), otherwise
224 HZEME N
WG EOE & RECETESE MR RPN IAGAE B, 86 FOG AR & BT i OE ALATH T 38 3 K
BURARTEOL. J b6 e B 7l T O AR R A RE B AN S M TR R 2, RERS AT AR kA L AL
LU AR RFAE ™, B
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LGE(x,y) = LE(x,y)- ST (x,y) (51)
Horh, ST RoRgiH5k 8 8 2 1 (structural tensor significance, STS) EI%; LE Fn A (x,y) N L HIRTRE R, &
XA

3 3
LE(x,y) = Z ZIEL(x+m,y+n) (52)
m=-3n=-3
TE STS F, M8 I JRE AR 2R r(@) SRZNE A L2 1538 LATHRAE, B
r(a) = Z [(Ie), cos @ + (Ig), sine]” = (cos, sina) - S - (cos @, sina)" (53)
Q) (xy)
Hr, § RoRghik e, B
AB
S= VvV = { } (54)
P BC
Horp, VYT ROR R )28 1E B AR, B
A=) (n)) (55)
Q(x,y)
B= )" () ), (56)
D)
c= 3 (Ua),) (57)
Dr(x,y)

Hort, Vv RRDGIZREHE R, 2 XN:
VS = () (), || (58)
fERNGEMTRE S FRHEME, A, A, R R DX T, 4300 R 7 N

A =% A+0)+ \/(A—C)2+4(B)2} (59)
A, = % (A+C) = AJ(A-C)Y + 4(3)2] (60)

25 b, STS 52 3UN:

STS = \/(/11 + )7 +0.5(1, — )’ (61)
FHt, J8 I 115 LGE SEILG A 22 It S e #s B AL 23U G A6 SR I, $R T Hod R e SIS Rk, WS R
RFHFE B, (x,), & XN:
1, if LGE,, (x, By (X
E,. (ry)= { , if LGE,, (x,y) > LGEg, (x,y) )

0, otherwise

MR LAF RSB0 2 2 Rl A PR Fe (), B

A ) if Emar 5 =1
Fa(xy) = { (X, y), 1 » (%,3) 63)

Bgi(x,y), otherwise

2.3 i MSFDF &14
s 2 fioR, 45 MSFDF 20 i, 7= ERHEZ A BUR Fo, FY, FO R Fy, 08 15 B A FALE R
a, B, y Ao EMERIEAEEIG F.

3 3
F(xy) =aFs (x,y)+B Y Fiy (6.)+y ) F& (x,3) +6Fe (x,y) (64)
i=1 i=1

MSFDF filt & 77 A% O AR A BAASEIUE IR, inds: 1 fos.
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&% 1. MSFDF J5 i35 18

A IEER A, B;
ot A A R

L BATREIR A, B, R MSFDF Gl £V 182 {Agu, Bs.), BORJZ (Ar, Br ), #0582 (Ac, Bo ) AR {Apy, By ).
2. X JZ Ay, Bs ) SRFHAILE 535 41k 7 i SRS 22 BT 2 R B R e
2.1 PR (A, By KT NSCT )i A2 118 J2 g B 1 (HS L HGt ) AP R AR T4 (L, Ly ).
2.2 %5 1-4 R EATAT (H24 Hyo ) R 2 (14) 19 GBVS U HAEAT il 6.

23 %5 5 R R AT (HOY H o ) R A5 (23) 19 PONN BRGS0 T il &

2.4 SHIEIT A {Lag,» Loy } R A2 (36) BIRARZE G IR ST LM AL L HEAT Rl 7.

2.5 X 5 ) ERST AT (H , Le, ) R NSCT 128 P JZ il R P,

RFBUERJZ (Any, Br) R 2 2 (45) MGG SR 51 TE MUNREL G A RO Z Rl IR For.

WEEBRZ {AcL, B} R AR (49) 19 PC UM Rl £ A5 AL BRZ L 5 R Py

KA E A A, Be ) KA (S1) IR MBEE L BE R T LGE MU & 25 RIL 5 2 5 R P
ARG R IR AR IR Fo, Fro, Fou M Fr, RATZ 50 (64) (118 MSFDF A4 7E iR 24 ()L 6 IR F.

AN B~ W

3 SWRERI

3.1 XWRE
3.1 MR EE

T FRITIUEA S ITEE I BE, Sk 584 X 2 AN EE 4 EHE, 45k B U AE BT 4 B B, 9%
RYPLE N 256x256. fi ik K15 3 T Harvard medical school website (http://www.med.harvard.edu/AANLIB/home.
html) 2 FF R AR B B G EE 42, o dE 59 %F CT/MR BRI 86 % MR/PET K. Bb4h, th Tk Z A TRIE %L
R 11 0] L, AR SN 403 ZEAN [ (GO L ) R B PR 0 PR B SR dE AT BE v IR 380, o 345 74 X MR-T1/MR-T2
EI& A 329 %f CT/PET K&, A L5t Matlab 2018 485, iI217 ¥/ 45y AMD Ryzen 7 5800 with Radeon Graphics
3.20 GHz, RAM 4 16.0 GB, F:XJ Ft 235l AR 5t FH 2 A FR1EAT 5047
3.1.2 BMIFN R

ASCAEH 6 P F IR PN T b5 K A T 21T AN Rl Rl -G 7 VAR e, R By R 2E T R A 1A A Y
g {E {5 M LE (peak signal to noise ratio, PSNR)[”]\ ZEFIFILLYE (structural similarity, SSIM)[M]\ HAZ K (mutual
information, MD)* 8%, % T BRI (1923 [ 4% (spatial frequency, SF)P”. #5#E % (standard deviation, SD)P'#§
PRANIE T N FHGE AL AR B (Qabh R Hr 3 A2, Horh, PSNR @i i3I8 % 5 fl 5 PG 2 18] ) 35 7 1%
7R = OB IFR B2 SSIM JE id EB0IE MG 5 Rl & G 2 IR1 R AR AU B0 SR VT 1 i BUBURHAIE R L B R IE SR AR
5 ML THE LG R S B0 DL R A S S TR B B A 15 B B B 38 #H DG, SF it 22 RSl
ST PEA G BER AR R 2R XIRE IR X 4 B HL AT ZI E B 7, T SD A Qabf {E NN Fa bR, 43 T FE il
& B R LG BE 2 AR AR BRI, R Febm (i ks, 10 AR Rl PR 5 R BEUGURRAE B8 D9 A A, el &
BIL G S LTS BRIETE NFEE, RN, AR 2R X IRZ IR IX 5 T8 8 B35 M e Rin J5 AR TR 4F, A FT4e7t
EFS WA,
32 BHRE

Z¥ a, B, y 16 VE N MSFDF FHIE /2 AL E R4, FHUE K/ B W A Bl A B 2 FRAE 2 [RGB 3R,
SEH RlE BURSOR 2 X A S IR EHE AR EE. Bk, W E GEMINE R o, B, y 6 A IURAEE. DL MR-TI/
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WEE mEEFEGRS S REHIETRSBIER 5699

MR-T2 B 25 R0, 81 [ KA S HOFRE— NS8O D7 1%, 0 2 RS BT — R 5ma ", 4
BrLat e BG5S IR EEAR R RZ, IF DR il i i 2 X2 B0, a0 5 s,

11.761 1 0.4579
117589 04578
a 11.756 7 04577
z nises = RN 04576
g 17523 4 T 04575
11.750 1 04574
11.7479 04573
11.7457 04572
117435 0457 1
T0501 B
(b) SSIM (a, )
11.609 7 11.761 1
11.80 11.483 4 11.762 5 11.760 5
11.55 L3571 17610 117599
_ 1130 112308 2 117595 7 11.759 3
Z 1105 el O 5 % 11.758 0 m.» 11.758 7
10.80 119782 % 17565 ) 11.758 1
10.55 118519 117550 11.7575
: ol 115993 1‘41.2 o6l 117569
. 10.599 3 v 03 4 11.756 3
0501 %% B 0602 % 9
(c) MI (o, ) (d) PSNR (y, 9)
04579 11.609 7
0.457 8 11.5375
04577 11.465 3
= 0457 6 _ 11393 1
a i = U 113209
S 04573 g 112487
0.457 4 11393 1
0.4573 11.104 3
o 04572 , _ : 11.032 1
06 02 O 06 02 0
(e) SSMI (y, ) (D MI(y, 9)

K5 Z%¥a,p, vy HAl6 AFBME N MR-TI/MR-T2 B4 &l-&AH UL AN

B2, B8 o, BEUE Y BV EAE 0.5-1.3 Y B AT 0.1-0.5 Y Bl P HEAT 5256, S2Ie 45 R 5(a)-F 5(c) Fias. B
EBH o, pBUEIE N, FEDEA h T 5242 TE. 125 a, BN 0.9 F1 0.3 I, i il T A B ELRA, M fh A
1G5 IR UG 018 3% K P 5 S5 M ARAURE P B i, & RIS, M8 o B3 0.9 S gt 0.3 i, A& B S
JREMG AR B R, JF LS S 5OE S K, HEHG A& M Re R s™ &, Kk, S48y, 6 BUE 7 0 BE e
0.6-1.4 T YA 0.2-0.6 T Bl A E4T 5206, L6 45 SR 5(d)- 5(e) Fian. UZ 8y, 6189 0.4 A1 1 I, ARl th im
IR BNEEIR, M B A B S IR KGR B im. 2810, U35y, 6 NEABBUER, B4 K& -5 KGRI
R EBAR, Al E MR E.
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BEAR, A AL HE A BT K, SR AR 2 A E R o, B, v AT 6 BUE T RS SR BT YA, BLUSE N4 Th th 4>
MrE AR, LS5 o B0 ERE B A, W 6 B, IWE 6(c)-Fl 6(d) IS XIF T LSRR, MSH o
T 0.9 I, 0 oG 228 e A% DX 358 £ A S RO RS R e 7, 50 3 0k IX 4l = 7™ B s . [ B G 75 PRG0S bk B e A
SETCIE A SRR A B, T S BE A W AT SR R 6081 6(g) TTLAMEE R, KB o #BT 0.9 I, Ab
ARG HIL™E LR, B S5 0E EGABRE R R 22, HA 0T g 58U VA 5 Bk, JR1, o BUE 0.9 B, I 6(e)
A DA SR B, Hoh & BUEMOOE R T 95 BURARAE(S B, FIE SR AT 4L RIA . S 080 45 0 55 07 T B A BB 19
SR AN, AR SCEE KBRS HTANE B, v A6 HUE T IR, 45 RR MU B, v F 6 43 HIHUER 0.9 0.3,
0.4 1 1 I, TSI R TEAH BTN I8 2 Bl A S E ZOR, flvE G 508 R AR i s, 2RI R IE R iR U
Rk, KA IEENE R o, B, y A1 6 MR MBUE R EHN 0.9, 0.3, 0.4 f1 1.

(@) MR-T1 Bl (b) MR-T2 Elf& (c) a=0.5 (d) 0=0.7 (e) a=0.9 H) a=1.1 (@) o=1.3
K6 %o NFEUE N MR-TI/MR-T2 K% g & 45 5

3.3 JHRLsSCIG
3.3.1 MSFDF HEZL 3 st 56

SNEGAIE MSFDF HESE A R, 83t 451 2 WAl 5 MSFDF HESE ELE 54, 363E MSFDF &451E 277 B 1%
RE IR, SRR A RN IE 7 Bos. b, B 7(e)-K 7() IR AN E P 08 RERIAZG R KRS EIE.

@MRTLER  GMRT2ER  ( BF#E () BEOHR (o BRERE () BA%E (e MISFDF
B 7 AFMESRLH T MR-TI/MR-T2 &4 45 1

M 7(c) FTAREE B, %t & BR S KRS R 5 SR B, SZ K EEARMAE L, e UL i 26 FEEME
YRR B 7(d) Hh R PR 2802 9 22 DA ) 2 AR 2015 R, 3 A1 75 MR-T1/MR-T2 Filt P Jse bk H 1) S8 2
i 5 A A B R 5 RS B 7(e) PG R AT W B RO 40 SO S, (ELAE L ZUAE B L L A B /N 2 4
SUELR IR AE, Rl 2 AT 18] 7(g) i) MSFDF HEAR, A7 £1 R4 60 57 Sk BT 435 16 e 000 PAY 288 DX 3o A1 7 ) o JEG 3 Gt
Z PERERR AR, H IR HT Sk TR IOMER A Bk Z A RE M LA A A ZUE B B 7(D) e BB H 3 s S
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TR FE AR, (ELE 77 5 JERA% [X I Bl = S A AE. AR, AR 7(g) T LA ), 3T A SC MSFDF HEZE = A= (1 it
SRR EAR . BEING. HBURIET DL 2 Y SU 80 360k 55 )7 A B3R, By Bl T a0, S
i Sk T 7N (R AL 2 DX Sl A, A 42 B A8 B 4 Tt e Bk A BT 5 4 S FLR AR B

TER ML FE 47 7T, N7 1 A LA EE 3, 4 MSFDF fE427E PSNR, SSIM #1 SD J7 Witk &, % B MSFDF
FELRTCABAE EURRFIE LR BA - SA0 PR, 2 Xt LU FE A0 BLAT S0 47 (9 Mk . AR M, AH -0 8U3E 2 HIAESE, MSFDF
MEZR BT 77 A6 ¥ A B CE SF AT Qabf J7 IS AT $ T, 3 15 A L3 ok S 3 242 T 1 5% SCH 4045 1) 4% [ J2 U 3 R At
LRYEVRAIRE T, B8 T 24 N 2 BB R AR LE IR AR X IR 2R A X A R PR . SO A 25 1) . AR, R
& MSFDF HE4L3 58 1 fil & BUR -5 I8 UG 2 18] (AR AUURE B, (B MIT FR AR o B X A2 R D Bt 5 2 A5 475
JEUAE B3N, AR R MI AR 2 R . Rk, 5945 052 (A 2240 i, MSFDF filé BUG L 8 7 KR A
R 2R IX I A5 2 A5 2, AT 3 B0 MSFDF il & B (¥ MI 8 bR 84K b 4h, MSFDF HE B2 75 FAb AR AU $5 A5
PSNR Fil SSIM J7 [ 5%, SEINERE T MSFDF HESLTEHE T UG AR LR B 1D [ B, 3895 1 93 A0 42 28 X 44 45 A 2
8] 2R IR . 25 AT LA B, MSFDF HESE vh & ANRRE J2 e 4 L BAE A ST 26 3 R AR B2 2 S HOw AR 1K
KA A I SO RN AT YR SORINGE R AR, I IR B B AR X I R 2 RS S 4075 S, 5052 R BER R
FERRARAE I, T 5502 ) S5 I 25 348 A F) 32 SR A

£ 1 AFHEGGH T MR-TI/MR-T2 BG4 & WL

il fE 4R PSNR (dB) SSIM MI SF SD (pt) Qabf
T2 11.7315 0.4564 8.6438 0.1312 0.1479 0.5612
oz 11.7542 0.4578 11.7914 0.0761 0.2397 0.5110
TR 11.7545 0.4576 11.4323 0.1321 0.2566 0.5973
P aeUE: 953 11.7525 0.4578 11.5683 0.0363 0.2235 0.1445
MSFDF 11.7611 0.4579 11.6097 0.1334 0.2922 0.5975

TE: AR R AUE

332 SPIHJE NSCT AR5 35 1 70 A S s Vi i T2 4

NESUEAR SCHE 1P )2 NSCT WL 2 35 1 40 A S mss 1A 20, o 5 R LA ARER MR NSCT Rl A3 iz F 21
T2 Rl A T, 5 A NSCT MU 553 M o SR AT EL s 43 . Horh, NSCT-DCUZRIR 4 it NSCT fil & 50
NSCT-PCMZR 7R 5 T ML — SOk AR 34 2% 1z 7 BE 0 NSCT Rl & 5685 NSCT-ENPIZR IR I T 5 3 i 8 A AL
— 5P NSCT fili & 5 ; NSCT-SML-SRPIZ R 3 - H b Fe 7 UAIZ 1E 7 2 43 17 (¥) NSCT fili £ 55 ; NSCT-SR-
PCNNUIR ORI T #8526 A1 PCNN () NSCT il &5 5 5.

LA 4E RN 8 fif, o, B 8(c) NSCT-DC!' /R £4: it NSCT fili & 555 ; €] 8(d) NSCT-PC!" 7R3 T Hifir
— SO R 3y Ay 0 A B K NSCT Fib & 5768 ; 8] 8(e) NSCT-ENPAIZe R 5T 5 35 B8 & A AH 7 — S0P 1) NSCT fit
£ 52 1] 8(f) NSCT-SML-SRPIZ /- 51 5 7 FIURIE IE i % 4 1 1) NSCT il &5 52 K 8(g) NSCT-SR-PCNN!
FARFT MBI~ M PCNN [ NSCT fli& 55 0%; ] 8(h) MSFDF K RA S5, Bl 8(c) KX deh B 7nrt & BlR Ak
T BEALE P Hp, LR 2T Sk AR i (A DU AN B X Sl K N 7R S R oAU R AR L. AR 8(d)-El 8(e) AT
LA EZ F, NSCT-PC Al NSCT-EN 53X — 175 13 £5 21 B 5 2403, (BATYmT DA BH 276 HA 400 66 3 Sk BT 48 171 F0 A 0 A 284 5
PEANTE M, FLE € Sk (00U TR -5 i) 5] 22 FRAL AR BEAE AN B, 35 L T 7™ s 1) R B0 o) R AT 8(e)—1E1 8(g)
AT AWLEZ R, e 15 U5 A P 5 P 7 T3 S A D S 0 55, F Ll BE AR, TE3Z: R BB/ (R 7 i35 8 TR MO [X 3 T
DANE LR, ol (057 Sk 35 1A 1 RS0 kS 2w ) T MR-T2 Bl%, BEOF L Rne e e B R, REEZEES
W7 b AN AT ELE). SR, A 8(f) TT LANRER B, AR S5V AT i) NSCT MU 55t 3 Mk 43 A SR mes 7 A [ A PR G i 2
TE 37 T P 208300 2 %of LU 8 ThT AR I HE T A R, RE B MERA R IR AN . 1%, FRBE. K ALK RAFIE. %
MFEFR T, F 2 BoR ARSI ZE NSCT fl 4 #UUZE PSNR, SSIM, MI, SF 1 SD J5 ¥ HU#S 1 BRAR A 45 38, 560
AR S5 VAT GE AR R4 SCER R 7 T A T AT R RE. 45 b, AR SO AT EI T 2 NSCT 58 535 1 4%
f SR AR HABAREE M NSCT il & M.
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(a) MR-T1 &% (b) MR-T2 Elf% (c)NSCT-DC  (d)NSCT-PC () NSCT-EN () NSCT-SML  (g) NSCT-SR  (h) MSFDF
SR -PCNN

B8 AFESFIEZEJ % T MR-TI/MR-T2 EI& R4 45 531

£ 2 AFEPFEZETE T MR-TI/MR-T2 BUGRELE 1% E

YARES PSNR (dB) SSIM MI SF SD (pt) Qabf
NSCT-DCM! 11.7552 0.4578 11.2011 0.1303 0.2562 0.5973
NSCT-pc!™ 11.7562 0.4577 11.4571 0.1305 0.2657 0.6319
NSCT-EN®¥ 11.7495 0.4575 11.0920 0.1297 0.2282 0.5891

NSCT-SML-SR™ 11.7570 0.4578 11.4044 0.1309 0.2672 0.5992
NSCT-SR-PCNN™! 11.7553 0.4578 11.3371 0.1305 0.2582 0.6019
ARILTT i 11.7611 0.4579 11.6097 0.1334 0.2922 0.5975

TE AR R A

34 BRELERSN
341 HEHE

Xt 5256 ¥ MSFDF 53t 3 4E R & R 1 6 Bl AT ARR 1 (1 2 8 A 5 2 B il & J7 vk #EAT L, fn MILCE!?,
PNSTCFPY, NSST-IMSMG-VSM"%, IFCNN™!, DDIFN™, DAMEN!'! 435 3 Fhi3sRY: JEF 2 040 3T MST LA
S EEF IR P 2 S 75 Forh, MLCF RoR 2 A S AR RIS & 777%:, PNSTCF R 5T bkl & 1P 2 W 45 (19
NORAR S AR Al & 7 V5, NSST-IMSMG-VSM 7R 5 T 100 i 35 14 22 R T A8 5B FE i 7 2 AR IR 54 )
J51%, IFCNN R RG24 B 248 filA J571%, DDIFN 27 2 T 004 Il 35 1 AR Bond 700 28 il 5%, DAMFN KR Tl
W ZRABE A FE SR I 2 BRKH T 0 4% ik 5 9%

JNAIE B A ST R A R, S84 IAE CT/MR, MR-T1/MR-T2, MR/PET, CT/PET iX 4 G &L T 5
R ERAT LR, eI S R ANER 3 fian. IR 3 LIS, A SRR AR e R b, XA SO
TRAEEUGAHE RS . DGR BRSBTS RIS, B AE BRI T A A E TR RE. o vEgn ot A
N ITEAE CT/MR, MR-T1/MR-T2, MR/PET, CT/PET E1§Rl-&1T55 (145 5.

R3 AFRIET ZHEEAEGRE 02 WY

A 280 i PSNR (dB) SSIM MI SF SD (pt) Qabf ART (s)
MLCF!" 9.2891 0.5179 8.6617  0.1154 03318 04701 9.58
PNSTCFP 9.2907 05180  9.7329  0.1231 03459  0.5410 5.96
NSST-IMSMG-VSM!'¥! 9.2881 0.5176  10.1448  0.1231 03252  0.5436 6.31
CT/MR &4 IFCNNT 9.2881 0.5177  9.0440  0.1178 03040  0.5395 8.13
DDIFN™ 9.2913 0.5178 8.6494 0.1232 03333 0.4940 6.95
DAMFN™ 9.2865 0.5170 8.8603 0.1135 03118  0.5666 6.56

MSFDF 9.2972 0.5188 10.5566 0.1239 0.3792 0.5514 5.52




W F @me) B ERRRA 0 S RE AR IR IE R 5703

R3 AFRIET 2HEEAEGREG 2R (8

Rl 2 J5 PSNR (dB)  SSIM MI SF SD(pt)  Qabf  ART(s)

MLCF!"? 11.7491 04572 102449 0.1047 02258 0.5273 1437
PNSTCF® 117531  0.4573 10.8865 0.1113 02491 0.5659  22.19

NSST-IMSMG-VSM!'¢! 11.7523 04572 10.5480 0.1142 02508  0.5926 9.25
MR-T1/MR-T2 &% IFCNN!™! 11.7513 0.4573 103983  0.1118 02335 05646  10.94
DDIFN!™ 11.7256 04569  9.6717  0.0570 02322  0.3518 9.09

DAMFN™ 11.7490 04570  10.1095 0.1113 02305  0.6281 8.73

MSFDF 117611 04579 11.6097 0.1334  0.2922  0.5975 8.69
MLCF" 7.9202 05158  1.5833 03912 04259 0.1381 13.50

PNSTCF"¥ 7.9188 05148  1.7033  0.4477 0.1610 02003  10.01

NSST-IMSMG-VSM!'? 7.9223 05149 17373 04449 04537 02341 1033
MR/PET 1% IFCNN™! 7.9214 0.5165 1.5632 03657 04222 02090  11.60
DDIFN! 7.9047 05160  1.2007 03223 03534 0.1589  10.98
DAMFN!" 7.8936 05156 09692 03033 0.3066 0.1829  10.52

MSFDF 7.9281 0.5187  1.8702  0.4814 0.4770 0.2344 9.98

MLCF!" 10.5581 0.5836 13867 02648 03890 0.1236 9.39
PNSTCF? 10.5643 0.5840  1.5083 02531 02810 0.1635 17.67

NSST-IMSMG-VSM!'¥! 10.5532 05830 12744 02796 03674 0.1789 6.24

CT/PETE#4 IFCNN™ 105325 05820 07652 02593 02624  0.1483 7.69
DDIFN" 10.5199 05817 03951  0.1511 0.1722  0.1137 6.89

DAMFN!" 10.5281  0.5820  0.6863  0.2445 0.3420 0.1432 6.11

MSFDF 105715  0.5843  1.6326  0.2868  0.4345  0.2084 5.85

T AR RIS Rl

3.42 CT/MR E{gah&

CT PR F A 3 B SO 5 40, T MR RGO SR AL, B 5 B v % A5 R 9 0 A 4 (R ik
ROR, HoRh A R TT AL A W B 34, LU i R o) 25 2 P B e S 0 T 2 S AR 1R

B9 R T AR5 6 MAREIERI S J7IEE CT/MR B R4 45 58, Hrb, B 9(c) MLCFM %R £ %ih
SRR IE U A A U715 B 9(d) PNSTCFPYZE R FE T ko 5 1 22 0 4% (1] NSCT fili 5 771 B 9(e) NSST-IMSMG-
VSMU SRR BT B 35 M 2 R TS b0 BE Rl & U7 1% 11 9(f) IFCNN I IR AR 28 I 44 il & 5772 B 9(g)
DDIFNMZR 75 56 0 45 1) 48 (0 A= Xt 7 2% il /5 75125 B 9(h) DAMEN38 R T S AR P 412 B A A i ot 3704
SRR 510 B 9(i) MSFDF R/ A5 i 38L& 9(c) o MLCF J7 ¥4 7 A= B b & A% 0L 45 -3 2% R 50 H
T2 . (ARG i, 5 2 7 280 PR A2 DX IRUATR M DX 45k BAN )RR P O 4 5 0 2, XA = 252 T rh R S vl 252 11 sl ik
P 9(d) H1 PNSTCF 7592525 B FA0 i 45 P 450 P G 2% 5 B L B P . (140 Dy S R0 2 L, T3 v R B HL Pl B s A 1 o, T
A SOU{ A0 RUATR M 5 X 3 S e CT BRRA5 2., 7™ BRI T 4l Bhi2 W7 (1 T 54 4817, NSST-IMSMG-VSM Ji
P T X — 1, (HNE 9(e) B HY, FLRRA BG40 Rl R ATI AN 784, L 45 78 P £ T DX 35 H B 3% 3 R B AR
I S FIR B ST A T i, B 9(f) BTz B IFCNN J7 0 i i e e 22, Homh & UG AL SUFE . 4P 425 b an
FILBRT; B 9(g) BRI DDIFN J7v 7= A B Rl A G AR AE 45 5 3 2R 2R X3 5 AR L 2045 B A /R, itk 4b, dad
P 9(h) H DAMFN J572, Y8 B it ScA5RE P2 8, 5 S0 2 BEGONT L P e 22, T2 ot i 30 0L A 9 S5 /N AR 25 .
SR, B 9() AT LAWE SR B, AL 7572 MSFDF AR T HoAh 73k, mb& U TC I8 & A IA 24075 FI B R AR 1R 28 R0k,
55 G AR AR B #0 BIT AR T, [ B 58 M BT T CT/MR BME 2 IR R AR i A5 2.

BeAh, WK 3 ZAAEFR T AT LA i, MSFDF J5{%7E PSNR. SSIM. MI. SD I SF Jy T &5 Ak 5, it W HF
BUGFRIERE R Sl M OR R AN A0 T Of B 55 7 1 0 BT B ip 4R 3. 531 b, MSFDF J7VA7E SD Al SF J5 T KA L34, ix
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RIPHXLEE RGN TR X IR Z2RA FIRIE BG B G 8UR. (1 Qabf 1R & HTHRIAZ. i
J R, MSFDF J5i%— KR R IER mph A BG5S TR BHGAR LR I B4l L, P RA BB CT/MR BUSEFIE R
). b BE 22 W, R RGO AT AE T HAN B0 S i CT/MR B85 B, St BE A RN I BB 5 1 2 &5 S EE B ).
M 4 LIS R, AR SCHVETE SRR R T REMb LIAH AR AR B T CT/MR BIEE B, 480, HAb 7 ikml & BE
FFA T CT 8 MR EHEAE 2. R 5, xFF DAMFEN J7iZ, Hat & EEG 58 2 SRR = K, HE
TR CT BHEA5 2, Uk AE % BN 3% 25 55 %5 B A Qabf 5 ks B ik v 5 . 385 BL_E 40 #r, AR S0 73
MSFDF 7t CT/MR EUEml& H R I AE.

(a) CT B (b) MR 1% () MLCF  (d) PNSTCF  (e) NSST- (HIFCNN  (g) DDIFN  (h) DAMFN (i) MSFDF
IMSMG-VSM

B9 AEJFETF CT/MR BG4 4
#£ 4 ARRFEFET CT/MR BUG RS AR E

. PSNR (dB SSIM

ik CT = MR CT MR
MLCF!" 7.4777 11.1005 0.5198 0.5159
PNSTCFP! 7.4789 11.1024 0.5197 0.5163
NSST-IMSMG-VSM!'® 74754 11.1009 0.5197 0.5156
IFCNN! 7.4750 11.1013 0.5197 0.5157
DDIFN!! 7.4778 11.1049 0.5197 0.5160
DAMFN!Y 7.4630 11.1100 0.5194 0.5147
MSFDF 7.4930 11.1013 0.5201 0.5174

T AR A (R R AR BB 2 ok HAUE 2 18 Z {H /)N

3.43 MR-TI/MR-T2 B &gt &

MR-T1 P50 T R 2% T 0 0 45 A A A SCERASAE VR 398 1437 B, 10 MR-T2 BGUlid fid UG R 4
AN B R BUR LS 2, HAl & UG AR BN AT b Wy R B T B LB S X S A AR 1 TR

K 10 JE7R T AR 6 MR E MRS J7VELE MR-T1/MR-T2 K44 i imh& 45 5, Hd, K 10(c) MLCF' 2%
INE RN GARFFEDL A J7i5; B 10(d) PNSTCFP YRR IE T kil & 44 2% (1] NSCT il & 71 & 10(e) NSST-
IMSMG-VSM!" 7RI TR 5L 52 35 2 U T35 240 P R & 73 T 10() TECNNT IR R 36 B 46 W 4 il &5 7 ¥
Pl 10(g) DDIFNIEE 7R3 T 004 57 25 10 A= Xt 70 00 4 i 2 75125 Pl 10(h) DAMEN Y28 75 7901 S A 4R A S B ) 26
B PUR 2 il 7515 B 10(1) MSFDF R A% B 10(c) BUKIX S mT LAE H, @it MLCF 753724 b &
EUG S AL IE B 1% 5 HNGINE 2 M5 B Lk, HEETEMEE XIsh k& R8T £ Ik(E 8, B K 10(d)
PNSTCF k=4 Iah & Gk, A HEFC BT BUOA A B, ik FEMI B X MR-T1 BN SO ER L, &
FE A BB Z AR ERRERE B 5T B 10(e) I NSST-IMSMG-VSM 75k, Hp= & fmh & g LBl T 1
I T s B P AR LA 1) [ 10(6)-&] 10¢h) H 3 PR B A S il G U VAR AR K A MR AR AE S AR B 045 B Bk
J. %}F IFCNN F1 DDIFN 77i%, @G BUG LG5t B ihss A=, Bid Z4mmaF MR-T1 BHE(E B, Bt =X MR-T2



N E & @b B EIERRAS N S RE B IESR B K 5705

EHG rhonr A5 AL Rk, 338 1 R 2 R RS I AR SE; X T DAMEN J7 vk, Rl i 12 v IR IR BE B iR ORI 55,
S BOME R B X BT S 28 52 AR, AL 10() mTBARRER 3, 48300775 MSFDF AHEC T HAth 7 iE, fé BUR G 2
S EUGAFAEF5 78 5305 . St LRREREIAR, 162 %1 i 2 17145 S8 45 TH A1 EL A B0 4 RO R, e b, 8 B WA AR PE A0 5 T,
MR-T1/MR-T2 B A& KRBT CT/MR Gh&1E B FFE, MSFDF J73% H ITE T487F MR-T1I/MR-T2 B4 &
PR TR T, IR m A A B E, B, 757 BHE (S B B FE H, MSFDF 75745 5 Al & B4 Qabf 18
BRI T Hofh 5 9 RO L. 83 PA 434, 43073 MSFDF 7E MR-T1/MR-T2 B4 gl & b 3 BB i

(@) MR-T1  (b) MR-T2 (¢)MLCF  (d)PNSTCF  (e) NSST- (DIFCNN () DDIFN  (h) DAMFN (i) MSFDF
SR B4 IMSMG-VSM

B 10 AFEJ5HE T MR-TI/MR-T2 B4 64 45 5

3.44 MR/PET EIgal&

MR EGAN Z A5 o AR B0 s A B R HOME R, 0 PET fE vt %, M R R AR B2, Mg
R R ) T R B B 2 PG Rl &, Rl PR AT S o 4 T bt 240 B R 503 95 1 R AR 15 0. 76 MISFDF 43 i,
5] N RGB Ml YUV Bt 25 [a) 4. 55, ¥ PET B4 i RGB Fita 4 [al#64h Y. Us ViX 3 ANE. Hik, FIH MSFDF
T IKER Y EE 5 MR B TRG . B, BRbG 51 Y 2R PET BG K U 2. V 25#:5) RGB %51,
BERA A EIE.

Bl 11 JBR T A S 6 MR R4 J7vE7E MR/PET BG h @& 45 3, Hrh, & 11(c) MLCF' %R %
PN GARFEIE DL Al A 510 B 11(d) PNSTCFPY R 5 T ik b #8 & b 22 N 48 1) NSCT filt & 51%; Bl 11(e) NSST-
IMSMG-VSM" e /R T J 58 0 35 1 22 U T 25 S4B P R 5 745 P 11(f) IRCNINUP IR 35 B I 2% ik 5 7 1%
11(g) DDIFN! 7R3 X046 53] 4% ) A B R 46 R4 07105 P 11(h) DAMEN M3 R )1 25 5 ARl Ak H2 14 24
BT R 4% i A5 7 1% T 11(1) MSFDF A 307 vk, it B 11(c) H MLCF J5 77 25 [ il T3 30 4 80 % 3
R B A ™ B (0 2 U o EIE 1] 11(d) A PNSTCF J7 v 77 A4 (il A PSR 49 IX S A7 48 it i %635 MR 1%
B4 I 83, TGV o v [ X3 B A 1R AR R S . B AN B A B A5 B A1, NSST-IMSMG-VSM J5 i i %
PET (4% W8 MEAR AN, o 73X — &, (EIE 11(e) H MRl B A0 RRIE RGBT AN 78 455 X IR 28 ST R &
Ji%, BL(D BT B9 IFCNN Bk A fma B AR T KEGERER, BT RIFBRAECREFEA B YT
RITIE 50, h Ak B A SR e 75 BT 8 58, 7™ B 5 0 5o A /N5 M AR ISR B 11(g)-K 11(h) # DDIFN 1 DAMFN
TR AR A BN L B R R X 4 FE R 22, B4 I T ik PET BHEAZ 5, KA MR E1442 BB N,
SECVE MR IR AL L. AR, A 1130) BT LAE H, 430777k MSFDF AR HAh 73, e EUR G182
ot U PG B L 2T 4k SUER A B 500 B, 3O TE R A B LIRS R A P A T T AR R R
T, A BT B AR X 2 R AR A A H 5 hn A Y2 T

BeAh, T 3 AR ARE AT LAWL EH, 255277 ¥ MSFDF AR T 05 FL 7 38 AR A 5, 26 W HL A8 9% HY AR AE
. WUREEMRIE ., RIEL MY G S 7 A EAT . FRAH, FLAE MI. SD F1 Qabf 77 1H i b 5y 2
H, YW MSFDF J5 A2 T 7 fil & B 5 1R B 2 T 1 €0 R AR BU RS B35 R €6 82 28 A (0 B 6 0, 63t T I A
B HERTH G RIA M E R BRI A S K 8 @ L #T, 4305 ¥ MSFDF 76 MR/PET BI& /il 4
R I A
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(a) MR Elf%&  (b) PET E% () MLCF  (d) PNSTCF  (e) NSST- (HIFCNN  (g) DDIFN  (h) DAMFN (i) MSFDF
IMSMG-VSM

Bl 11 AFJ7E R MR/PET B AL G 255

3.4.5 CT/PET E&HRl&

CT EG N AR -5 B $0% 4544, 1 PET MG U AR 12 254038 ER A0 S 20 2L 0 RS 37K 7, #EdR
Kb DR AR 12 2R R S, LR RS W] LSS Bh R A s AOPPA R B M A L Ve Rl AR MR

K 12 @7 7 AL MSFDF 5 6 iR PRl & 57 0E CT/PET & F il & 45 3, 3o, [ 12(c) MLCF!'
TR L WD G AR RIS T 5, B 12(d) PNSTCFEPYE IR 3 F i B & 40 22 MU 2% 1) NSCT R 735 B 12(e)
NSST-IMSMG-VSM" 38 7R3 1 WL 55 35 1 22 XU TR 25 20 FE R 2 77 2% B 12(f) TFCNINT 380 35 e 4 I 4% i
475715 B 12(g) DDIFNZR R 56T X004 1] 38 1A A2 B BT W0 4 fi & 5792 B 12(h) DAMEN 1375 T 25 2 465 i
PRI AR O BT 45 il & 7 7% B 12(1) MSFDF 3RR A 7%, B 12(c) Fras B MLCF 7%, Hofb & B H I AR
X 38 €00 5 300 RO, A e B8 S AL f vl A T 1) 12(d) H PNISTCF 73677 A 11 i 148 ¥ A K 82 5 44 i 5 A
HRERLIE DL W 12(e) H NSST-IMSMG-VSM 73272 AL il & BB T LLE Y, A HE 8 58U R 3, R TEIER
Urdh Bk H CT BMESEAE B, MBI | 2 Wi R M @i B 12() 7 IFCNN J7 774 i i A B R ]
ISR H), B A BT X I ERiL PET BEE &, A7 EF 2 Wb Lk R B AE Bk i B 5 RS E 4
¥; 7EE 12(g)—-K 12(h) H, i#id DDIFN A1 DAMFEN J7 72 7= 45 (1 Fil -2 G 5030 40755 o RE AL 75 it oo, 45 000 Ok
VG BESCHEAS B R ™ 8, [F R B R G 400 ™ &, 5 R A TR g b & B IR R R R TR B AR (5
B8R, AL 12(1) T LA EE B, A 7% MSFDF B 2 24036 1 L3 1] 23, @A PR A% S A0 B8 4 b 336 5in S50 2 1k 5 44,
WIS B FIRAS TR LR, [FINHR S 7 b4 MGt b RSB AN, 7800 3% CT/PET MG HIRHIESS 2. HbAh,
3 FIEMIEN R bR IR T Rk ghie. i@ Id PB4, AR5 1% MSFDF 7 CT/PET B4R & R IR AE.

(@) CTHEE GbPETKEE (o) MLCF  (d) PNSTCF  (e) NSST- (HIFCNN  (g) DDIFN  (h) DAMFN (i) MSFDF
IMSMG-VSM

KBl 12 ANEJTEETR CT/PET B4 R4 45 3

3.4.6 FIRHCR

k25 A A ST VR A R, A S & AH Rl A T R I T A TR AT SR RO S AT R B S . 3 BT
B R A TR P AT I ] 1E 2 RS B 2= ARG R, AT 15 MSFDF [ 118471 (818 7.51 s, AT H
7 B /i EJR R 56, MSFDF J7 3 i 15 11 4507 1 i 58025 f] i N EAT RN 32 2 R, 38
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G 7 DRl b AU B2 26 ANl A L 25 S SRR U 4% 2LIR, MSFDF HEZR 5 80 RS M, FR4F S AS [FRRE 2 04T
TEE SRR AR, M T %5 R SR ST AR, Bln, (EAZHELE AT R AR AE A R AT Ak
B, AbF 7V N B PO R AT U B BE T AL 5L B 1 4y AR RN, AR P T RS R SRR, LT,
PNSTCF F1 NSST-IMSMG-VSM 7712 X A5 FH Ik il & 40 22 I 2 of LB b 8 AN 40 i J2 04T 01 5, 9 LR Z IRA7 1
MLCF 53R 5 9% 1) 22 SR8 54 43 ARAE B, S0t 43 A 2 A8 P e e AN i R 5 A 28 W 48 7 3, il — 2B 380 7% 07
I THE B IFCNN A 2 E B4 I 45 SR B BGARHAIE, 75 ZLHEIT K& 90 R IRk A 45 B ; 17 DDIFN
I DAMFN J5 1545 Fl A2 B B0 28 I 4 45 - 45 BT S BG T G, B R ESEOT E BN 1

ST E R IT 4, A J775 MSFDF 5 5 Ath 7534 [F] — P K . MSFDF J5 38 i 47 B (1 8% . R ok
FermA LA BARE K 1 NSCT AT Rl & AE, Fh R B E AR BB S50 . KSR B G IR DL S 08 A1, 5
MR RE N OMm), n NIREUR I, B R A2 E. FR, MSFDF J7 ik URRERA SOy A AT R, W T 2R
AR IS, BRAR T SRkt A B R T4 . ZEXT L J7 i AR, PNSTCFE. NSST-IMSMG-VSM fll MLCF J7ifii i £ R
JE 53 FRRE I VA K 22 4 o iRt i bl o PG EEAT 43 A, 00 43 it 2 A P B IR S BUE DB PR S R I 4% . Re S SR 0 3
ATRG, RAEH A B B 4548, — @ FE B L RIE T 5 MSFDF 51— 81 %R FF44; M IFCNN. DDIFN Fl
DAMFN J5 %45 F B & W 45, BARTERFEIREVA ARG T AR = A 0 T R E S, (X 5 ik I E g ot R
i MSFDF A ikiee. 25 b BTk, 76 2 B = G Al A 1, A /7% MSFDF 7ER& SR FE LR R T
HAb 7%

4 REESRE

SRR Al 5 R AL R 4 Ya R A B R AR R 28 X S S A0 B e A R SR AN JE S I, AR L
P& T MSFDF fil& 715, Sl 2 154 s 2 B G il & AUtk R A0 G RN G 58 2 Rp1E R4, 275, 2 H MSFDF HEZE40{L
BUGRFE, vk T IR R A AR AS 78 20 T S 300G SFAE R 2840 3 DA DX 43 JU 405 405 R R B 2R 45 il A5 LK, 32 H
— PRI S T A SR, 2 RS S S M2 IR T R R R R B A RSO SRR AE, R HR BB BRI =,
IR, 3 HH SUER SR B N P 45 2 1) 5 5 3 TSR SO 2 A NG M 1 2, 3858 1 @i 5 10 x4 4 SRR IR S
71, fEP T BT AR AR 2% XA T ok X 40 25 () B S I g AR W, 2O IR R . BVEN A AR &7
IO T HoAb T3 7%, & —Fiog 20 B aT AT ATk 25 2 G Al U7 vk, Ak, T 4 N AL Z A TSR, A S08
BCviE R AT T 2 A NG BRI 2= B B4R, NG 8 S UG A& vk 1@ M A3 4t 74 1.

SRIM, A3 J7i% MSFDF 18 fR #7585 i1 i i R 5 U5 EUGAR LR FE I Bl b, 00 28 39 5 MR R IE AR B 5 3R A
XIS, XFF CT/MR F1 MR-T1/MR-T2 K5 = 2= @A BUE A 3845 Qabf 776 — e ififk. Kk, fEB Tk
(1) TAE st — B0 K I 2 R A 43R0, B 05 BG 20 2 A U, FEAEARIE A ik LA i ai i, ik —
PR STk SR G TR RE, YR/ B R4, 9B B2 Wit B s iiE SRS B
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