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Fig. 1 Test images. (a) Original image; (b) noisy image; (c) flat region; (d) edge region
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Fig. 2 Test results. (a) Magnitudes of various operators in flat region; (b) magnitudes of various operators in edge region
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Fig. 3 Comparison of diffusion coefficients of g(s) and g,(s)
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Fig. 4 Curvature graph of coupling function
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Fig. 6 Denoising results of different methods. (a) Original image; (b) noisy image; (c) YK; (d) ZZW; (e) IPM; () ML; (g) WZ;
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Fig. 7 Edge extraction images after denoising with different methods. (a) Original image; (b) noisy image; (c) YK; (d) ZZW; (e) IPM;
(H) ML; (g) WZ; (h) proposed method
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Table 1 Average edge preservation length of different denoising methods

Metric YK 77ZW IPM ML wZ
151.46 154.12 128.88 151.96 138.38

Proposed method
160.38

Average length / pixel

F2 ARIEM A MSE . PSNR . SSIM Hl ROT-SNR H #
Table 2 MSE, PSNR, SSIM, and ROI-SNR comparison of different denoising methods

Metric Noisy image YK 77W 1IPM ML wZ7Z Proposed method
MSE 100.8463 11.9476 9.5632 10.8708 12.7113 11.7546 9.2156
PSNR /dB 28.0942 37.3580 38.3360 37.7028 37.0450 37.4287 38.4856
SSIM 0.3244 0.7374 0.7630 0.7309 0.7397 0.7430 0.7663
ROI-SNR /dB 8.2749 10.0588 10.1239 10.1070 10.0556 10.0835 10.1735

B8 A LM S T ANE 7 ik B 1L . (a) MSE; (b) PSNR;(¢) SSIM
Fig. 8 Performance comparison of different methods under different noise levels. (a) MSE; (b) PSNR; (¢) SSIM
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K9 AL EBEAR (a) FRER: (b) #MEER: (o) YK;(d) ZZW;(e) IPM; (1) ML;(g) WZ; (h) A&3CTr ik
Fig. 9 Denoising results of different methods. (a) Original image; (b) noisy image; (¢) YK; (d) ZZW; (e) IPM; (f) ML; (g) WZ;
(h) proposed method

K10 AR T7 ik KW D G IUEHE o (a) Jha % s (b) AP R s (o) YK (d) ZZW 5 (e) IPM; () ML; (g) WZ; (h) A 3075 %
Fig. 10 Edge extraction images after denoising with different methods. (a) Original image; (b) noisy image; (¢) YK; (d) ZZW; (e) IPM;
(D) ML; (g) WZ; (h) proposed method
F 3 ORIE KM R AR BT R
Table 3 Average edge preservation length of different denoising methods
Metric YK 77ZW IPM ML wZzZ
261.50 308.33 313.46 214.86 311.62

Proposed method

347.86

Average length / pixel

F4  REEM)ER MSE ,PSNR,SSIM Al ROT-SNR H #
Table4 MSE, PSNR, SSIM, and ROI-SNR comparison of different denoising methods

Metric Noisy image YK ZZW IPM ML WZ Proposed method
MSE 100.3122 20.8012 17.8749 18.0856 25.6266 20.3109 15.4694
PSNR /dB 28.1173 34.9499 35.6084 35.5575 34.0439 35.0535 36.2361
SSIM 0.2885 0.6410 0.6671 0.6345 0.6309 0.6359 0.6762
ROI-SNR /dB 13.6188 13.9910 14.0376 14.0723 14.0222 14.0167 14.0975

BEI11 AN [ 5 FE Mg R R A [R] JT EE PEREXS L o (a) MSE; (b) PSNR; (¢) SSIM
Fig. 11 Performance comparison of different methods under different noise levels. (a) MSE; (b) PSNR; (¢) SSIM
(0 PR I R i 5 OB 0 B (] A 2 1y 7 2R 2%

o

0.6786 dB. 2.1922 dB 1 1.1826 dB, #&  SSIM

Hh | &N
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W3R 4 FT7R BB Y A 45 38 AR 0 X LG b 248 1 X
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R AR SC5 ¥k 43 9 AR MSE 5.3318.,2.4055,2.6162
10.1572 1 4.8415, & F+ PSNR 1.2862 dB.0.6277 dB,

0.0352.0.0091.,0.0417 .0.0453 #1 0.0403, ROI-SNR #2
FF 0.1065 dB. 0.0599 dB. 0.0252 dB. 0.0753 dB #
0.0808 dB .
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b B A YRR N T AR AR 5 L A MR R i R AR $ K Ar=0.05,A=0.5, AR E n=60; 7F = W 38 Ik
R, A SC 7 v R B R O R 3 0 bt PR BE AN T 5 19 B E kI o= 1,3 X 38P4 il . e gh Jan e 12 By

P IR T AR AS [v] 5 5 W S R Y 7, e A SR R R R DX el K T, 7 gk B R A R 13
4.2 EERIEXEIG FiER R BENSR 5 s . AN SO v 50 L i
4.2.1 RTEMI;EF X KBS B PEBE PR W0 6 T 7 o A B8 IR AR S v 1 5 B M e

MBS ECH LI F o= 2.8, 1Ll T=12.1, T3 RIS [R] 56 B W s 3 4 5 % B, W 14 BT 7R o

12 AFEJrEERER (a) IR EG: (b) A EIR; (o) YK;(d) ZZW;(e) IPM; () ML; (g) WZ; (h) AR5k
Fig. 12 Denoising results of different methods. (a) Original image; (b) noisy image; (¢c) YK; (d) ZZW; (e) IPM; () ML; (g) WZ;
(h) proposed method

P13 AIF ek RS AR BUEMR . (a) JRIAR PR (b) A M55 () YK (d) ZZW 5 (e) IPM; () ML;(g) WZ;(h) ARSCT5 ik
Fig. 13 Edge extraction images after denoising by different methods. (a) Original image; (b) noisy image; (¢) YK; (d) ZZW; (e) IPM;
(f) ML; (g) WZ; (h) proposed method
F5 A LML SR BT B R

Table 5 Average edge preservation length of different denoising methods

Metric YK 77ZW IPM ML Wz Proposed method
Average length / pixel 192.79 200.07 191.48 188.35 179.52 204.32

%6 A KWk MSE . PSNR \SSIM Fl ROI-SNR H #%
Table 6 MSE, PSNR, SSIM, and ROI-SNR comparison of different denoising methods

Metric Noisy image YK 77ZW IPM ML W7 Proposed method
MSE 100.7692 16.1285 13.5567 16.6547 21.5809 14.5430 12.5560
PSNR /dB 28.0975 36.0549 36.8222 35.9141 34.8584 36.5043 37.1321
SSIM 0.4404 0.7866 0.7972 0.7737 0.7752 0.7933 0.8086
ROI-SNR /dB 9.9964 10.3368 10.3818 10.4301 10.3812 10.3722 10.4621

[ 14 AN [ 5 B W v R R[] 7 VR M RE X LE o (a) MSE; (b) PSNR;(¢) SSIM
Fig. 14 Performance comparison of different methods under different noise levels. (a) MSE; (b) PSNR; (¢) SSIM
P 12 0] . YK AT W Z 485 80 2 0 5 1) TR0 M5 7 i AR BR T MR ERE IR R DX 3t B B I % B R B
W X B 1 6 7 B0 A o7 B ZZW B % TPM R S (i i F S8 O B B BRI
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ROT-SNR PU I 56 8 55 br 35 & 00 T X5 b Bl . A
He YK #5 A, MSE [#& Ik 3.5725, PSNR #£ 7} 1.0772 dB,
SSIM #2 & 0.0220, ROI-SNR #2 & 0.1253 dB; M I
ZZW #EH MSE i 7> 1.0007 , PSNR 3 i1 0.3099 dB,
SSIM ## K 0.0114, ROI-SNR # fin 0.0803 dB; # It
IPM # %1 , MSE I 4k 4.0987, PSNR 42 % 1.2180 dB,

F£ 63EF 6H/2026 £3 B/BAEEFZHE

SSIM # 71 0.0349, ROI-SNR #2 % 0.0320 dB; 4 It ML
i MSE &% 9.0249, PSNR £ 7} 2.2737 dB, SSIM
41 0.0334, ROTI-SNR #2 # 0.0809 dB ; A tb WZ #5571 |
MSE [ fik 1.9870, PSNR #£ J} 0.6278 dB, SSIM 4 fin
0.0153,ROI-SNR #2 % 0.0899 dB.

M 14 7] LLFE . /E MSE .PSNR #1 SSIM 1§ br
b Y MR SR o< 15, YK ZZW FI WZ £ 8 P g
TR RN s R R R o = 150, = F PERE B
WE TR, R 2R, M2, IPM I
ML 5 0 7 AN ] M8 75 i 3T 1 B 0 3 3/, s
AR APLMERE 1. ST X OB R L R AR =
FKAE AR LA M A MR B 2 N I I AR R I L B
i, F AL HA Eam iy b TP ae I frkase v .
4.2.2 ZTEMIMMEXLER

ML SHANT BT a=2.8, )i T=
12.1, 4K Ar=10.05,1= 0.5, %R K B n=60; 7€ &
W B o=1.3 X 34B 8 0y s A% . o M g%
R 15 fros , i g3 BORME an sl 16 s, i 271
KBEWMZFR TR o AT ¥R 50 B RS G 1 B PEAG 4n
QTR o WS N AS 7] 5 B MR RS A X LE 45 L an [ 17
FTR

E 15 A7k EEREER . (a) FIAES; (b) WIEEIR; (o) YK;(d) ZZW;(e) IPM;(f) ML;(g) WZ; (h) AR SCH5 ¥k
Fig. 15 Denoising results of different methods. (a) Original image; (b) noisy image; (¢) YK; (d) ZZW; (e) IPM; () ML; (g) WZ;
(h) proposed method

16 AIA 7k RS L AR AR () JRUR S (b) AR IR 5 (o) YK (d) ZZW 5 (e) IPM; (1) ML;(g) WZ; (h) AR S5 i
Fig. 16 Edge extraction images after denoising with different methods. (a) Original image; (b) noisy image; (¢) YK; (d) ZZW; (e) IPM;
() ML; (g) WZ; (h) proposed method
T ORIF LRy R AR K

Table 7 Average edge preservation length of different denoising methods

Metric YK 77ZW

IPM ML wz

Proposed method

Average length /pixel 228.18 219.63

192.78

215.10 226.77 230.93

15 AT 20 . YK ML Fl W Z 455 0 il 2 e 5] 15 77
e BH 5 1 W 7S ORD A ST B 0 5 ZZ W AR AR R ORI, A
IR I DX Jal 00 2% 1] /0 i W P TPMASE A8 R ol T
W 75 RIS B A AR ARl i % B T B LA
M 15Ch) /T LA AR SO i Wi, HL il 2k a0 3
NI BT, R RS T

M E 16 AT %1, YK ZZW \IPM ML il WZ 5 54 $
FE AT 508 bR W 7 ELA7 70 5 2 10 il i R o 0 o % 25 2%
S %, MWE 16(h) Al LA H A SOl T
Z 0 R s B, H AU E SR . R TR
Pa 2B, YK . ZZW . IPM . ML F1 WZ ¥ %I (1) 11 2 15
- A BE 43 SR T A SC U7 ¥ 2.75 pixel  11.30 pixel |
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*8  ANIAEMEIT R MSE . PSNR . SSIM #l ROI-SNR [t #
Table 8 MSE, PSNR, SSIM, and ROI-SNR comparison of denoising methods

Metric Noisy image YK 77W 1PM ML w7z Proposed method
MSE 101.0045 23.0678 19.0908 19.8780 33.6851 21.6659 15.7490
PSNR /dB 28.0874 34.5007 35.3226 35.1471 32.8564 34.7730 36.1535
SSIM 0.4104 0.7041 0.7188 0.6928 0.6831 0.7079 0.7378
ROI-SNR /dB 7.8099 8.0585 8.0861 8.1106 8.1296 8.0189 8.1397

B 17 AN [ i B W R[] 7 i M BE X LE o (a) MSE; (b) PSNR; (¢) SSIM
Fig. 17 Performance comparison of different methods under different noise levels. (a) MSE; (b) PSNR; (¢) SSIM

Hh | &N
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R XF L, MSE [ 1% 17.9361, PSNR #2 71 3.2971 dB,
SSIM 14 i1 0.0547, ROI-SNR 4% & 0.0101 dB., 5 WZ
R X 1, MSE [ 5.9169, PSNR 42 7} 1.3805 dB,
SSIM #4111 0.0299, ROI-SNR 25 0.1208 dB.,
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HiFa 2 ME % 2% 5 /8 PSNR A SSIM #6 #5 |F, IPM \WZ Fil
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X HE R A A SO I AE = A PR F8 A 35 R B A
H Bt T BE J1 , I e 2 AR Fr e U i B0 2 B0, 156 BH AR 3C
J7 1 By BEARPERE AR .
4.3 HELZXIE

Ry B8R AR SC VA5 R A B AT ST 4 0 AE i
B IR A X IS RN 57 3 Jif 58 X Ot G o 45 Bl — sk /1%
HATIH R S5 o Sy (H 3R08 7R 3L 30 h i - 40 By /L
RECHF  RETUH F,, G REUCN Fyo AR CTIET]
KRN YK+F +F,+F,, 4583 9w .

FH 2 ORI AE o B B R B F I E R, MSE [
i 1.6684 Fi1 2.6572, PSNR #£ F 0.6532 dB F1 0.7686 dB,
SSIM $£ 7 0.0069 A1 0.0152, & B H [ 3& W BE 1158 T
FETL Bl T MR P S A0 (S BRI ARETF,
J&i MSE F& A% 0.7574 F110.2424 , PSNR £ 7+ 0.3346 dB

#9 HAII

Table 9 Ablation experiments
Dataset Method MSE PSNR /dB SSIM
YK 11.9476 37.3580 0.7374
YK+F, 10.2792 38.0112 0.7443
Lung-targeted chest X-ray YK+F,+F, 9.5218 38.3458 0.7598
YK+F,+F, 12.1098 37.2994 0.7292
Proposed method 9.2156 38.4856 0.7663
YK 16.1285 36.0549 0.7866
YK+F, 13.4713 36.8235 0.8018
Full-field chest X-ray YK+F,+F, 13.2289 36.9105 0.8048
YK+F,+F, 19.8767 35.1474 0.7399
Proposed method 12.5560 37.1321 0.8086
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Table 10  Calculation amount and per-iteration time comparison

Metric YK ZZW IPM ML WZ Proposed method
Calculation amount 0(4P) 0(3P) 0(4pr) 0(4pP) o(6P) o(7P)
Per-iteration time /s 0.0019 0.0650 0.0817 0.0029 0.0031 0.0147
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Abstract

Objective In the modern healthcare system, medical imaging has become a cornerstone of clinical diagnosis and treatment.
However, due to the physical limitations of imaging equipment and external environmental interference, medical images are often
affected by noise pollution. Therefore, research on image denoising holds significant clinical value for improving diagnostic accuracy

and treatment safety.

Methods  Partial differential equation (PDE) -based image denoising methods, known for their strong local adaptability,
mathematical formality, and model flexibility, have been widely adopted in image denoising as they effectively suppress noise while
preserving edge and texture details. To address issues such as the “staircasing effect,” isolated speckles, and edge blurring caused
by second-order and fourth-order partial differential equations in X-ray image denoising, a curvature-aware adaptive denoising method
for X-ray images is proposed, which integrates a piecewise diffusion coefficient, a fidelity term, and level set curvature. To enhance
the ability of the proposed method to recognize complex structures and achieve precise diffusion control in both edge and flat regions,
this paper designs a piecewise diffusion coefficient. This coefficient exhibits adaptive characteristics: it maintains a larger diffusion
coefficient in flat regions to efficiently smooth noise, while significantly reducing diffusion intensity in edge areas yet retaining
moderate smoothing capability, thereby effectively eliminating edge noise while preserving structural integrity. To further improve the
precision of detail retention and noise suppression, the fidelity term is refined in this study. By introducing pre-filtering processing, the
oscillatory divergence of denoising results caused by high-frequency noise during the iterative process is suppressed, enhancing the
effectiveness of the regularization constraint and effectively mitigating potential over-smoothing issues. Given the significant
differences in noise distribution and structural complexity across different regions of an image, relying solely on constant terms makes
it difficult to achieve an ideal balance. To address this, an adaptive balancing mechanism is proposed. The selection of a driving factor
is particularly critical in this context. Under noise interference, the modulus values of gradient and lLaplacian operators exhibit
considerable fluctuations, which can easily lead to misjudgment between edges and noise points, resulting in residual noise or over-

smoothing of edges.

Results and Discussions The level set curvature offers stronger robustness compared to gradient and Laplacian operators (Fig. 2),
reducing the risk of edge misdetection and thereby enhancing the method's ability to suppress noise and preserve details. To optimize
the balance between the fidelity term and the regularization term and achieve adaptive adjustment, a nonlinear coupling function driven
by the level set curvature is constructed. This function dynamically adjusts the weights of the two terms based on regional
characteristics: in flat regions, where the regularization term plays a stronger role, the coupling function appropriately suppresses its
contribution while enhancing the fidelity term, ensuring efficient denoising while preserving details; in transitional regions, the
coupling function brings the weights of the two terms close to 1 : 1, achieving an approximate balance between denoising and detail
preservation; in edge regions, it significantly suppresses the regularization term and enhances the fidelity term to effectively protect
edge and texture details. Based on this mechanism, adaptive balancing between the two terms during the denoising process is
achieved. The piecewise diffusion coefficient, fidelity term, and coupling function each contribute to performance gains, as
demonstrated in the ablation experiments. Their synergistic effect increases the peak signal-to-noise ratio (PSNR) by 0.1398 dB and
0.2216 dB compared to the suboptimal method, improves the structural similarity index (SSIM) by 0.0065 and 0.0038, and reduces
the mean squared error (MSE) by 0.3062 and 0.6729. The experiments further confirm that the piecewise diffusion coefficient

enhances adaptability, the fidelity term counteracts over-smoothing caused by the regularization term, and the coupling function
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achieves an adaptive balance between the two terms. Together, they synergistically optimize noise suppression and detail
preservation, making the proposed method optimal. As shown in the comparative experiments, the proposed method effectively
suppresses noise while significantly reducing the “staircasing effect” and the generation of isolated speckles. Compared to the
comparative models, the images denoised by the proposed method exhibit sharper edges, richer textures, and superior visual quality.
The data demonstrate that the proposed method outperforms the comparative models across all four evaluation metrics—MSE,
PSNR, SSIM, and signal-to-noise ratio in the region of interest (ROI-SNR) —fully confirming its performance advantages.
Furthermore, based on the results, the proposed method not only effectively removes noise and preserves edge textures to the

greatest extent but also significantly reduces texture breakage.

Conclusions  The results further illustrate that under different noise intensities, the proposed method exhibits stronger anti-
interference capability and more stable numerical performance in terms of MSE, PSNR, and SSIM, fully validating its overall
superiority. With its excellent denoising capability, edge preservation, robustness, and stability, the proposed method provides novel

ideas and approaches for high-precision denoising of X-ray images.

Key words X-ray image denoising; partial differential equations; coupling function; piecewise diffusion coefficient; fidelity term;

level set curvature
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