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Fig. 1. Overview of the execution process of the proposed method: (a) Overall framework of the proposed method; (b) training of

the denoising engine based on reference-driven DIP; (c¢) training of reconstruction network parameters based on reference-driven DIP.
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Group One

Group Two Group Three

3 LIS, Group One: #4r MR EIRER, 55— N 2% EMG, AR 6 mfFHE & K. Group Two: (a) 2% B ITFE
A HbrEE (b) knee 1—(g) knee 6. Group Three: (h) 2% &%, £ 8 # #) H b5 &% (i) Brain 1 Ml (j) Brain 2

Fig. 3. MR scans used in reconstruction experiments. Group One: Partial display of MR images, with the first being the reference

image and the remaining six being the target images for reconstruction. Group Two: (a) The reference image, and the target im-

ages (b) knee 1-(g) knee 6. Group Three: (h) The reference image, and the target images (i) Brain 1 and (j) Brain 2.

4 BRI  (a) H RARRHAINR; (b) 8% BERAEIAR; () 2 ] SRAFIAR

Fig. 4. Undersampling masks used in the experiments: (a) Cartesian mask; (b) variable density mask; (c) radial mask.
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CS-L1W) ., 14t DIP F# | IS5 EGAE R N 45 i
AP DIP & # (f# F% DIP+Ref), DL & 3 F DIP
HESE H 29 o H br B/ IN 30 i Pk 19 2% 3K 8l Jr
i (i Fx DIP-RWS) T Hr ik, SR
oA, A& H 5 R P AR [A] 0 KRR, HAS
SCOTTHET I W51 % D() R M4 £(-) ¥R
5ik4gs DIP AR 28 480 . S T Akt gt
PERE, ASCRM T =R 2 A PEAr R br: 0 (E
{H ML (peak signal to noise ratio, PSNR). AH X}
2 (RelErr) FIZSHIFHUIPERSEL (structural simi-
larity index, SSIM)16 3 L5 AN :

2
PSNR = 101g — NN N(MAX,) . (15)
SO lai, 5) — (i 5))?
i=1 j=1
RelErr — 12 =2l (16)
]l
sSIM = —ZHata c1)(20we + co) (17)

(12 + p3 +c1)(02 + 02 + ¢c2)’

Ko, EEG 2 SEBEERR 2 BAMHEFIRSE, 3
H N x N; MAX,, 2R & PIERKRAE; je , pa 535
K&z 52 WIMHE, 0o, oo WHIRMEE; 04 TR
x5 & EMIT2; o Moo BUASHI 0.01 5 0.03.

3.2 LWHERSH

3.2.1 ARRIRHETOETZMRILEK
BRI R IR R, ZEAN R RAE R

TR, £ 1.8 2 ME3BRTAIHESE
W, CS-L1W 4 DIP ., A5 EUEAE Mk
AW) DIP4Ref & DIP-RWS J5 ILfEAFREER T
SRR PRAOEUEZE R, Hoh, 3 1 RN AT
FREUE A Group One H 20 W& H A5 K% 8 2t 45
PERIEUE. % BRIt A A R L (RIAS
7 DIP4-Ref, DIP-RWS H R 28 2850 (1) BEAIL
WG Ak, LARAESE DIP 048 S 5500 R 2 A e B
MLwIIRAL), SE8 I 58 K 10 Yz 1T B s -1
RSB LS . 21— 3 KM, AR R AR S
PN, A SO =4 MR BiE 4 b3 T
e SSIM Al PSNR 1, DA A eIk i AH Wi 2%
MBS UE T A7 VA BB AAT ORG24 2

R 1 W RKRMEBNCT, AR HE %5 T Group
One REOCTT HFHEUR 12 S AE PR ITAG

Table 1. Quantitative metric evaluations for the knee re-
constructions in Group Omne according to the different

methods under the Cartesian undersampled masks.

_— REEHR = 20% REEAR = 30%

=

Jry: RelErr PSNR RelErr PSNR '
/% /dB SSIM /% /dB SSIM

FIHE 819 3279 09016 7.65 33.26 0.9163
CS-LIW 777 33.17 0.9190 7.26 33.77 0.9307
DIP 7.98 3294 0.9361 7.37 33.63 0.9465

D}I{IZ ;r 7.37 3356 09446 6.85 34.26 0.9520
DIP- -

gl 7.04 3401 09517 6.30 34.94 0.9630
ARXHEE 662 3436 0.9555 5.87  35.61 0.9653

F 2 EHRRREERT, AFEEERET Group Two MG H AN Y & e bR iTAL

Table 2.  Quantitative metric evaluations for the knee reconstructions in Group Two according to the different methods un-

der the Cartesian undersampled masks.

- SRR = 20% KRR = 30%

EENEEES GiNiyiRis

RelErr/% PSNR/dB SSIM RelErr/% PSNR/dB SSIM

FHFE 8.59 31.65 0.9024 7.81 32.47 0.9153

CS-L1W 7.46 32.86 0.9208 6.52 34.03 0.9373

knee 1 DIP 8.38 31.86 0.9217 8.10 32.05 0.9273

DIP+Ref 7.51 32.81 0.9325 7.17 33.21 0.9391

DIP-RWS 7.22 31.15 0.9432 6.39 34.21 0.9556

ARSIy 6.96 33.47 0.9460 6.08 34.64 0.9583

T 8.31 32.35 0.9053 7.77 32.93 0.9167

CS-L1W 7.23 33.56 0.9256 6.57 34.38 0.9396

knee 2 DIP 8.05 32.62 0.9287 7.45 33.29 0.9400

DIP+Ref 7.34 33.42 0.9396 7.24 33.54 0.9423

DIP-RWS 6.98 33.92 0.9436 6.78 34.11 0.9459

SRS 6.68 34.24 0.9511 5.75 35.55 0.9623

180302-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 18 (2026) 180302

2 (%) ERCREEMRT, AR EEIEET Group Two BT MBI E A EVRITAS
Table 2 (continued). Quantitative metric evaluations for the knee reconstructions in Group Two according to the different

methods under the Cartesian undersampled masks.

) REER = 20% FHEE = 30%

EENETES Ak

RelErr/% PSNR/dB SSIM RelErr/% PSNR/dB SSIM

FHF 9.03 31.64 0.8910 8.32 32.35 0.9058

CS-L1W 7.91 32.79 0.9187 7.14 33.67 0.9344

knee 3 DIP 8.84 31.82 0.9190 7.97 32.72 0.9355

DIP+Ref 7.46 33.30 0.9393 7.17 33.64 0.9447

DIP-RWS 6.97 33.88 0.9494 6.22 34.86 0.9587

AT 6.78 34.12 0.9503 5.92 35.30 0.9616

FHF 8.86 31.17 0.8856 8.25 31.79 0.8968

CS-L1W 8.36 31.67 0.9026 7.60 32.50 0.9203

knee 4 DIP 9.18 30.79 0.9031 8.59 31.44 0.9218

DIP+Ref 7.72 32.37 0.9335 7.39 32.75 0.9388

DIP-RWS 7.42 32.71 0.9372 6.24 34.22 0.9576

AT 6.94 33.29 0.9455 5.82 34.83 0.9609

ESIS 8.12 32.22 0.8976 7.64 32.75 0.9077

CS-L1W 7.67 32.72 0.9135 6.91 33.62 0.9296

knee 5 DIP 8.64 31.69 0.9222 8.03 32.33 0.9336

DIP+Ref 7.61 32.79 0.9369 6.88 33.66 0.9476

DIP-RWS 7.32 33.13 0.9395 6.45 34.22 0.9568

AT 6.54 34.10 0.9515 6.10 34.71 0.9613

FHF 7.75 32.41 0.8959 7.31 32.92 0.9061

CS-L1W 7.34 32.88 0.9141 6.50 33.94 0.9304

knee 6 DIP 7.99 32.08 0.9321 7.50 32.67 0.9429

DIP+Ref 7.29 32.94 0.9419 6.82 33.52 0.9495

DIP-RWS 6.80 33.54 0.9496 5.94 34.72 0.9621

AT 6.38 34.10 0.9544 5.60 35.23 0.9653

23 WRIRREEEM T, AREEITIEIT Group Three I EIR @ AR ITAL
Table 3. Quantitative metric evaluations for the brain reconstructions in Group Three according to the different methods

under the Cartesian undersampled masks.

Brain 1 Brain 2
P HATIE

RelErr/% PSNR/dB SSIM RelErr/% PSNR/dB SSIM
FHFE 24.78 19.88 0.6428 21.97 20.65 0.6799
CS-L1W 23.10 20.48 0.6506 19.54 21.67 0.6917
15% DIP 16.87 23.22 0.8002 11.30 26.43 0.8511
DIP+Ref 12.39 25.90 0.8740 9.91 27.56 0.9047
DIP-RWS 8.49 29.17 0.9247 10.79 26.83 0.9095
ARICTTH: 7.94 29.76 0.9298 5.37 32.88 0.9558
T 10.98 26.94 0.7513 12.20 25.76 0.7584
CS-L1W 8.38 29.29 0.8358 8.62 28.77 0.8466
20% DIP 6.05 32.12 0.9506 8.28 29.13 0.9213
DIP+Ref 4.56 34.58 0.9687 3.76 35.98 0.9738
DIP-RWS 4.49 34.70 0.9718 3.66 36.22 0.9790
AR Hr 4.28 35.12 0.9755 3.32 37.06 0.9826
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3 (5) WRICREEBART, AR EE T %IET Group Three B Hfi Bl i€ FRbRiTAG
Table 3 (continued). Quantitative metric evaluations for the brain reconstructions in Group Three according to the differ-

ent methods under the Cartesian undersampled masks.

Brain 1 Brain 2
RelErr/% PSNR/dB SSIM RelErr/% PSNR/dB SSIM
THIFE 7.50 30.26 0.7803 8.42 28.98 0.7869
CS-L1W 5.95 32.26 0.8535 5.72 32.33 0.8683
25% DIP 4.51 34.67 0.9664 3.30 37.11 0.9793
DIP+Ref 3.71 36.35 0.9759 3.14 37.56 0.9839
DIP-RWS 3.67 36.47 0.9782 2.92 38.19 0.9844
ES GRS 3.20 37.65 0.9840 2.59 39.23 0.9874
FHIFE 7.46 30.30 0.8045 8.13 29.29 0.8189
CS-L1W 5.53 32.90 0.8799 4.92 33.65 0.9104
30% DIP 4.30 35.09 0.9653 4.03 35.38 0.9726
DIP+Ref 3.64 36.52 0.9794 2.94 38.12 0.9762
DIP-RWS 3.36 37.23 0.9812 2.54 39.39 0.9871
ES GRS 3.02 38.16 0.9846 2.39 39.92 0.9881
FHIFE 7.07 30.76 0.8540 7.65 29.81 0.8511
CS-L1W 5.24 33.37 0.9349 4.50 34.42 0.9493
35% DIP 3.95 35.82 0.9773 3.53 36.52 0.9743
DIP+Ref 3.48 36.92 0.9820 2.85 38.39 0.9807
DIP-RWS 3.31 37.36 0.9821 2.34 40.10 0.9900
AT 2.82 38.75 0.9875 2.17 40.74 0.9905

K 5 s 1A 259 % HOx Group Two SR T I~ KRR, SO A
HRE OG5 4998 knee 1—6 RYE A ZE R, ATLIE IR T HE D RYERT . SR, A LT AR AT
CS-L1W, DIP F1 DIP+Ref & 2 i T2 1 70 i 4 HNESHG AL I A7 AL T AR (AN e (i Sk ). A
1] DIP-RWS 75 35K H A B8 (4 /1N S0 i 1 £ HZ T, RSO A A 41 7 T B ]

HbrE g EHIFH CS-L1W DIP DIP+Ref DIP-RWS ARk

knee 1

knee 2
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knee 3

knee 4

knee 5

knee 6

— v > o ‘r = !‘“"j"}' >

\;/: = ‘w(‘/« ( \ ]‘/‘ \@

N~ \‘

Bl 5 R KRR REEBAR N Group Two BT HIRBUE T @45 AT 1L, % 1, 3, 5,7, 9, 114743 5 87w H AR EHG 09 HS{H
LR 7 (B35, CS-L1W, DIP, DIP+Ref, DIP-RWS FIASCT5 23 ) (M d 4520, 56 2, 4, 6, 8, 10, 12 47 22 U0 B 1 J=) & i
KIEMR. B EH LR T 9T @A SRR, Hoh, knee 1R 20% RAE, KA 30% Rt

Fig. 5. Visual comparison of reconstruction results for knee scans in Group Two under Cartesian undersampled masks. Rows 1, 3, 5, 7,
9 and 11 display the ground truth of the target images along with reconstruction results obtained using different methods (zero-filling,
CS-L1W, DIP, DIP+Ref, DIP-RWS and the proposed method). Rows 2, 4, 6, 8, 10 and 12 present the corresponding zoomed-in local

views. Yellow arrows emphasize restored subtle details. Knee 1 is sampled at 20%, while all other cases are sampled at 30%.

AIOFA, ORGSR T FHAE LR B AN RCRHAE T THT 1Y) MR 4.

Wy, 186 A 7 35 7R T Brain 1l Brain 2 3.2.2 RERMEBKR T EEZHEEILE
S5 R. AR SO IR TE DR AR IR MR BT R 25 AL A A AR R SRR AR T 1 S
FA 2015 AN SRRy T [RIAE R B 0 25 L3, el PERE, AT HE— (0 A% [ SRR AR R 5725 255 i SR
SETERCR X S . W, o] iR A KR E FERL A AT 5256, % 4 BE78 T Brain 1 fl Brain 2
th, A SOy ek Ry A A SRR 22 TN R B AR T8 5 it SR FE A AR R #4245 SR SSIM, PSNR il
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HbrEIG ity CS-L1W DIP DIP +Ref DIP-RWS AR5k

N AR A8 A8
/ ) , " / ) 5 .’ { ) . ‘/
v \/

Bl 6 35% RART R MW KRR RFEBARAS Brain 19 F @ LR 0. 8 1470 BAR BRIk (R E %, CS-L1W, DIP,
DIP+Ref, DIP-RWS 54305 %) BB @450 55 2 47 WoR X A9 i 22 [/ 46 3 47 M Rl gk [&11%

Fig. 6. Visual comparisons for Brain 1 reconstructions at the 35% sampling rate with the Cartesian undersampled mask. Row 1 dis-
play the ground truth of the target images along with reconstruction results obtained using different methods (zero-filling, CS-L1W,
DIP, DIP+Ref, DIP-RWS and the proposed method). Row 2 shows the corresponding error images, and row 3 shows corresponding

zoomed-in local views.

HbrEIG iy CS-L1W DIP DIP+Ref DIP-RWS AR5k

0.16

vl |
P

e,

£EE AE

7 25% REEHRT R A KR RAEEBAR X Brain 2 A9 E 845 AT L. 28 1478 HAR R ORI T (B 78, CS-L1W, DIP,
DIP+Ref, DIP-RWS 54305 %) BB @45 55 2 47 WoR X A9 i 22 [/ 46 3 45 M Rl gk &%

Fig. 7. Visual comparisons for Brain 2 reconstructions at the 25% sampling rate with the Cartesian undersampled mask. Row 1 dis-

play the ground truth of the target images along with reconstruction results obtained using different methods (zero-filling, CS-L1W,
DIP, DIP+Ref, DIP-RWS and the proposed method). Row 2 shows the corresponding error images, and row 3 shows corresponding

zoomed-in local views.

RelErr f8bpxt L, i & al i, A S5 R AEPTRX SRR HE. HRAERT I 1) 1 22 151 45 SR R Pl A, AR
REERAR N YIS T R AL PERE. 15 8 Al 9 & SOTE BARBA EAUR E YRR, RO B e Ry
BT AR AR 5 7 B AR T 22 A0 5 0k B AL e A LERANTT SHEAEE .
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KA REEERAEARAE ERAEE T, AR E R 5T Group Three MR EUIE A€ SR ARITAG

Table 4.

under variable density and radial undersampled masks.

Quantitative metric evaluations for the brain reconstructions in Group Three according to the different methods

Hbr  RESHR , Hir  REERR .
DA v IE PSNR/dB M AN v IE PSNR/dB M
FE (REER) FHIHE  RelErr/% PSNR/ SS Fig (GREER) E#IE RelErr/% PSNR/ SS
2Sig 8.34 29.34  0.8491 EITE 8.58 28.82  0.8386
I CS-L1W 6.51 3148  0.9115 0 CS-L1W 6.02 31.90  0.9265
o DIP 6.18 31.93  0.9539 - DIP 6.48 31.26  0.9500
AR itk
(20%)  DIP+Ref  4.28 35.14  0.9778 (20%)  DIP+Ref  2.79 38.56  0.9866
DIP-RWS  3.64 36.54  0.9812 DIP-RWS  2.55 39.37  0.9887
ARICTTI: 3.45 36.99  0.9825 RICTTIE: 2.26 40.42  0.9910
Brain 1 Brain 2
FHin 9.01 28.66  0.8353 FIHA 9.32 28.10  0.8155
asmspE CS-LIW 6.18 31.94  0.9158 asagpr CS-LIW 5.21 33.16  0.9334
o DIP 4.38 34.92  0.9713 DIP 3.26 37.21  0.9803
AR AR
(30%)  DIP+Ref 3.75 36.29  0.9784 (30%)  DIP+Ref 2.75 4027 0.9857
DIP-RWS  3.26 3748  0.9818 DIP-RWS  2.49 39.56  0.9873
AR5 3.04 38.09  0.9841 ARSIk 2.08 41.14  0.9907
HbriE% T CS-L1W DIP DIP +Ref DIP-RWS

ARSI i

K8 30% FAERTT R AL EERAEB Brain 1 B H QAR L. 85 1470 BARERMAIR I (BT, CS-L1W, DIP, DIP+Ref,
DIP-RWS 5ASCI5 k) W @45 R 5 55 2 47 WoR Xf I 3R 22 [ 48 3 47 28 R iR IR, o €0 37 Sk b L A 45 R A A0 L 45 44

Fig. 8. Visual comparisons for Brain 1 reconstructions at the 30% sampling rate with the variable density undersampled mask. Row 1

display the ground truth of the target images along with reconstruction results obtained using different methods (zero-filling, CS-
L1W, DIP, DIP+Ref, DIP-RWS and the proposed method). Row 2 shows the corresponding error images, and row 3 shows corres-
ponding zoomed-in local views. The yellow arrows emphasize restored subtle details.

3.2.3  lLSHERE AT

ARSI S AR A D7 TR T —
BT S H RSN DIP Ay LMo I 4k, —
4552055 DIP 5 RED 1E WL ) £ 561 20 o)
HHTE.

e, ERTEE I ZS S N R A T

PEIRUE. [ 10(a) BT (4) AP (EREE K
B T 2 R U ) R B T T R
AR SR 02 2% USSR shilll L REAS LA B
TR RUAS s 88, FRAFA N R A

FOK, @ s i — S TS % 9K ) DIP
5 RED 1E Wk 1) 22 5 56 249 o o 8 7 52 i i st
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CS-L1W

HrE & FHGL

¥
& 4

.
e

oy

DIP +Ref DIP-RWS

b

B9 20% RAEFR T R AR R XS Brain 2 09 & @ 45 B XF . 58 1478 B AR ER ROR R F i (B 5, CS-L1W, DIP,
DIP-+Ref, DIP-RWS 543005 %) BUEE #2455 55 2 17 T /n 6 B 3R 25 [ 48 3 47 0 /s K IER

Fig. 9. Visual comparisons for Brain 2 reconstructions at the 20% sampling rate with the radial undersampled mask. Row 1 display

the ground truth of the target images along with reconstruction results obtained using different methods (zero-filling, CS-L1W, DIP,

DIP+Ref, DIP-RWS and the proposed method). Row 2 shows the corresponding error images, and row 3 shows corresponding

zoomed-in local views.

0.20 40 0.9

0.18 f(a) —— Brain 1 35 0.8 F1(c) —— Brain 1

0.16 —— Brain 2 i 0.7 F —— Brain 2

0.14 —— Knee 6 % 30k . 06} —— Knee 6
2 012 > & 0.5
o 0.10 pé 25 | = 0.4
2 0.08 % 90l = 03

0.06 a8 :
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0.02 —— Knee 6 0.1r
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10 AR SCHR R 0 25 5 I B I R e 5 B A O AR I ISt £k

(a) 275 WKl 114 22 W 5| BEAE I FRad B op i B st 285 (b) Jik

TZ% K5 DIP 5 RED 1E N LY £ S5 50 20 0 f 45 SR 19 PSNR;; (c) RelErr BUEBEE AR B AL 2 (R S EUEALIE)

Fig. 10. Convergence behavior of the proposed denoising engine training strategy and reconstruction scheme: (a) Loss decay curves of

the reference-driven denoising engine during training; (b) PSNR and (c) RelErr values of the multi-prior constrained reconstruction

based on reference-driven DIP and RED regularization, showing their variation with iteration numbers (without data correction).

K1 10(b) AIE 10(c) s T AHXT R 2 (RelErr) 5
WE(E(FMELL (PSNR) FEEA R R b AR R IB 0 (R
BRI IE). B ADMM 3EAC A HEDE, T4
R TRE, HXTRZEZE LR BKT, PSNR
IR T R . RS I ek A R p A
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* 5 IHELSZEY RelErr, PSNR 5 SSIM $84R1EAS

4.2

Table 5.  Quantitative evaluations on metrics of RelErr, PSNR and SSIM for ablation study.
KRBT CREER) DIP Ref RED A WaveSpar Corr RelErr/% PSNR/dB SSIM
v 6.18 31.93 0.9539
v v 4.28 35.14 0.9778
v v 6.06 32.10 0.9527
P v v v 3.83 36.10 0.9801
A2 ] RAFEARAR (20%)
v v v v 3.79 36.17 0.9799
v v v v 3.71 36.36 0.9810
v v v v v 3.64 36.53 0.9816
v v v v v v 3.45 36.99 0.9825
v 7.17 30.64 0.9245
v v 5.39 33.12 0.9637
v v 6.55 31.43 0.9458
N v v v 5.19 33.45 0.9622
AR B FERAFAR (15% )
v v v v 5.01 33.75 0.9649
v v v v 4.97 33.82 0.9657
v v v v v 4.77 34.18 0.9677
v v v v v v 4.60 34.49 0.9691
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Fig. 11. RelErr values vs. parameters for the reconstruction of our proposed method under different sampling rates.
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Fig. 12. Denoising engine training performance with different iteration numbers.

180302-15


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 18 (2026) 180302

WRESERRYE AN SR T A Ak A SERR
R, WEMEA B S A W ARER A3 Rl ie 2|
BRI SRR, X2 % UG —E3E g . L
Group One M Group Three {#li4E 1S % KI5 H
XFG, A3 R A AN [R) 58 BE A Ak e 7 (7 25 o
k9 0.001 A1 0.0001), [ 13 ZEMFH4> RS T AN [iH] M
FEKSET, M AR kA R i 0 1) ERLGAL o
BOCR. ATLUE B, AER AU PR A T, B 1%
FRIEAT, it PGB R B WA O A 42235 2 % K
. 0% = 0.0011FHL T, Hin i RS ATI AT SL 1 I s
Pl 13 A7 DU 533 S s T A M 75 7K T I e 2
AAFEN BAR R ST bR EUA. PR, A
SCHEMRER P LAARAS 5 Fi IR S50 3 40 A X 4523 1
HARGRE, BB AR SCHE A 25 M | 831 2507 S %)
Mg 7 ELAT — PR

44 RBRM%E

AT —A EERIRTE T, MARE S %
FIE - HBRIER Z 8] R R S F R RE
AR, sz X—HIigtE T, iS5 K%
AR TEFEAE 5 OB T 22 3 K . S e, LA
SEGHERAT TR, ASOEN S H B S AARK

FaME | EE)IZ%

WER 1000GER 2000KER 400K5%R

02 =0.0001

02 =0.001

TOOUKIE

Bz A2 R B AR E A B 5 =
K9 BEELE R AT UE H, WS %5 iR EIR7E
ik A S, AR A T ez
SR LN, 1£58 DIP J5 16 K BEALE RS A A d
ABHMPBESE I — R B, X — 2P EIE T IR
JEE UG S50 A B X i A 25 5 AN R . T i S
R 2R, 5] AS% BRI S5 AR U SR 0 R 08
R E AR, WS EE LRSS E, 1
Xof v o i o AT SRR

Ry itk — BRI AR SO A R 1 T
B, AN AN TE T AFAE 5 O S 2540 25 571
BUF RS (T2 AR E A S %, &
# T1 I HAr K% (Brain 1 Fl Brain 2). riEER
S G RIS S50k : T2 AL, TSE J¥5, Bt
fi=120°, TR/TE = 4000/91 ms, JZ2/£= 5.0 mm.
WE 14 FR, TEHRR 25% 1 35% REERT, A
ST EATREARAF I 2% | 4017 SRR R A1
gL R AEAR AR T HAA . XK, AR
ST BRI N B I At R RORT LR 2 S, ELA )
ANV [H) FE T R T ).

Zx LR, RES% EUR S BisER AR
B AL OE 2R i R T, (H A SO0 UEHE R i T
XPARAR: 22 S HAT B e k. AR TAEHS H SR

HRLR
(HFRIK30% AT

RelErr = 2.36%
PSNR = 40.04 dB
SSIM = 0.9886

RelErr = 5.91%
PSNR = 34.22 dB
SSIM = 0.9591

RelErr = 2.50%
PSNR =39.51 dB
SSIM = 0.9868

RelErr = 6.00%
PSNR = 34.08 dB
SSIM = 0.9570

Bl 13 ZH RIS (02 = 0.001/0.0001) Z&04 T, Mg ] 84 th KA R 1Y B HESE . 58 147558 317 A8 Group
Three $H 45 11 5 25 QU 25k 2 W | 55 1% &5 U R AR R 45 3L, 40 M DR 2 880 4 vh H A 1R Brain 2 i F 25 0L 28 2 17 558 4 17
ek Group One 4k 48 2 25 RGN 25 25 1 5 | B8 1) 25 Uk AR HE 25 1L, A 000 Sy iz 5 2 v — i s PR 1y o e 25 21

Fig. 13. Denoising engine outputs and corresponding reconstruction results under frequency-domain noise (o2 = 0.001/0.0001) ad-

dition to the reference image. Rows 1 and 3: Left panel-denoising engine outputs at various iterations trained on the reference im-

age from Group Three; Right panel-reconstruction results of the target image Brain 2 from the same dataset. Rows 2 and 4: Left

panel-denoising engine outputs at various iterations trained on the reference image from Group One; Right panel-reconstruction res-

ults of one target image from the same dataset.

180302-16


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 18 (2026) 180302

2GR HbrEg

Brain 2

WELE R
35% KA

25% KA

RelErr = 3.43% RelErr = 2.88%
PSNR = 37.05 dB PSNR =38.57 dB
SSIM = 0.9812 SSIM = 0.9870

RelErr = 2.71%
PSNR =38.82 dB PSNR =40.33 dB

RelErr = 2.28%

SSIM = 0.9867 SSIM = 0.9900

14 ARICTFEAES % FBS BAREIRIEA7AE 35 %] LU E R 54 22 5 i 00T (9 EE e 2

Fig. 14. Reconstructions of our proposed method when there are contrast and structural differences between the reference image and

the target image.
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Table 6. Computational time for different recon-
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Abstract

Magnetic Resonance Imaging (MRI) has limited applications in clinical scenarios, particularly in dynamic
imaging and interventional surgery, due to its long data collection time. Compressed sensing (CS) theory can
shorten MRI scan time by undersampling k-space data, but the reconstruction quality is highly dependent on
effective prior constraints. In recent years, deep learning methods have shown excellent performance in MR
image reconstruction; however, their performance usually depends on large-scale, high-quality clinical training
datasets, while obtaining clinical data is often difficult in practice. To address this challenge, we propose a
multi-prior constrained reconstruction method for undersampled MRI using reference-driven deep image prior
(DIP) and regularization by denoising (RED). A key advantage of our method is its independence from large
pre-trained datasets; instead, the entire reconstruction is guided by only a single reference image, offering a low-
data~-dependency pathway for undersampled MRI reconstruction.

The proposed method capitalizes on the structural similarity between the reference and target images,
constructing a two-stage process core-driven by a single reference image. In the first stage, the denoising engine
within the RED is trained using the reference image, thereby embedding structural priors into the RED
regularization. In the second stage, the same reference image guides the DIP-based reconstruction. A multi-prior
collaborative optimization model is designed by combining k-space data consistency constraints, wavelet domain
structural similarity constraints, and RED regularization. By optimizing the network parameters in this model,
high-quality reconstruction from undersampled data is achieved. This design allows the same reference image to
drive both the RED denoising engine training and the DIP-based learning, ensuring consistent and efficient
utilization of structural priors throughout the workflow. The integration of multi-domain priors, which span A-
space, wavelet, and image domains, enables collaborative optimization from multiple dimensions and thus
further enhances reconstruction performance.

Experimental results show that the proposed method surpasses existing comparable techniques in both
visual assessment and quantitative metrics, more accurately recovering tissue details and edge structures.
Importantly, it substantially reduces reliance on large-scale pre-training data. Through the reference-driven
strategy and multi-prior fusion mechanism, this method jointly improves the accuracy and effectiveness of prior
incorporation, ensuring reconstruction fidelity and robustness. In summary, this work presents a promising
technical pathway to overcome the challenges of clinical MR data acquisition and achieve high-quality

reconstruction.
Keywords: magnetic resonance imaging, deep image prior, regularization by denoising, multi-prior constrained
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