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Abstract: State space models(SSM) represented by Mamba have demonstrated broad application prospects in medical
image segmentation owing to their excellent long-range dependency modeling and low linear computational complexity.
However, the pixel-wise flattening operation used in these methods destroys the spatial structure of images, leading to
insufficient extraction of local details. Additionally, they lack a mechanism to focus on organs and lesions, making them
prone to introducing redundant background information in medical images with complex contexts. To address these issues,
this study proposes spectral dynamic attention U-Mamba(SDA U-Mamba), a medical image segmentation network that
integrates spectral-domain dynamic features with attention mechanisms. The network adopts a hierarchical U-shaped ar-
chitecture, optimizing Mamba in two aspects: spatial continuity modeling and regional focusing capability. Specifically,
a Mamba Spatial-Frequency Attention module is introduced into the network’s shallow layers. This module enhances
the model’s local information perception and multi-scale context modeling performance by fusing spatial convolution,
frequency-domain transformation, and a pyramid self-attention structure. Furthermore, a Bipolar Routing Attention
module is introduced in the deep layers, strengthening the network’s representation of organs and lesions in medical im-
ages through dynamic routing selection and sparse activation mechanisms. Experimental results show that SDA U-Mamba
achieved significantly better segmentation performance than current state-of-the-art methods across three public medic-
al datasets (BUSI, CVC-ClinicDB, and CHAOS-Liver), with an average improvement in intersection over union(IoU) of
2.61%. The results indicate that the proposed algorithm can be applied to clinical medical image segmentation.
Keywords: Mamba; medical image segmentation; state space model; spectral-dynamic feature fusion; Fourier trans-
form; attention mechanism; U-Net architecture; multi-scale feature modeling.
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Vw53 R 25 B8 53 3 5 W A S AT IR AT A
B FEMU Oy S, B 1x1 B e —
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RENWI R IE RIS

X, = ReLu(BN(Conv,,;(X)))

Bifi J , X 2 () A A it o — 24 ek B AR 045 )
SEOWE, JE At vl 2] B 11 2 e A R
AT Y S S R AR A A, 20 0 e B AR e
23 [VRRAIE, SR XS 4401 B A JE 1 [ 0 7 44 5 A

F, =FU(X,)

(] ], K AR I 23 B 5 6 A JRy 0 A B v 2 o o)
A B T A0 B, 15 BB R Rk, RN 7E B
MG R ARAE B JOE & B 8UR AL R ARE 3R
FIVE B, T e A 3 DU B A4 RN MR 75 3 o 2 i
AT, T LABRE TR 7R Xo) 4 pA 25 4 (R R 4R BB ) -

Fy, = LFU(XL‘)

IR 53 52 1) B 2B 1 B T R AR N RS R
SFFFAE L FU i 5 LFU %, JFE G 1< BRI
P ZCE R

Fg. = Convy (Xo + Fy + Fig)

TE2S 3043 S v, S 1 SR AR R N 3 S B
BERE Ty, B s| AW A2 BAALH . B 5k, I
3 x 3G B ARG XA 3 [ Ap, € RPYC,

Ap, = Convs,;(X)

Bl 5, 4552 RS A5 B R B A S B 1 R
FEALE, SN Jr) H 285 44 1) 2 A SN o i S AR AT
FKoRH

Facrpy = Y _ W X(po+ pu+Ap,(po))

b po hy 24 AU B, RN AR RS B
w, B FRRE , B2, BEHCR U B R AE 5 ]
AR TR AR AT A R A, i Hh 25 SRy
Fou=aFg+(1—a)- Fy

Kl G R e e [0,1], B ERE N 0.5, BT
55 2 SR AE T A5 3 R v R X BT AR
223 AERZBANEFHEAAR

R U RSB ER o E b e 2
H, H g i Bk ik A B T8 5 2 ROEFRE,
EAE R SRAFEA SR FE I R v, R R [ 5 2
By RO 4 i B AR A B R BOE SUE BB R A B
T CFRIRA—EL, FRICAXT EG 2 E B0 kB
SEMY AN SRR RO A, R X T
TS5 A s R ST AR Ak 35 10 2 B e kb DXk, A
Rl = X6k 22 RO TR SCHY 3h 2508 Bic e 1, HE LI
JBL 3 A0 1 5 4 R A R Rk

R LR, A SCIR A ER &

WAL, 1(d) i, X9 F1E %4 75
AN B 22 IROBE R AE 3R A sl — H B R £
Ja R I R B, A o 2 ROE B
SR 5 23 6] 1 7 WL 2R AT P IR Ak i -,
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38 0 i Ak S B RUBE Y R AE 28k, TR) B 0 o) G ¢
REEBTUARAR B o A H R A ZE G i1 A e A
W ETRAES, @A 2 RE LT 0RMmS
25 6] v B S L, B AR R AR R SRR AR Y
W GEBCRE 5 X Rk B

LR, SAPP 1 SR R A RUEE A9 H 38 L
SE AL (0 1x1, 3x3 ., 6x6 F1 8x8 R4 K] 43) 42
B2k R SO B, I i DU P4 (B A R &
SR R AE RS JE AT PR, M — A2 R
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Y, = Pool2d(X, (k,max(1,|arx k])))

Z = Concat(Flatten(Y,), Flatten(Y,),
Flatten(Y5), Flatten(Y,))

AP arh T E H (H/W); Pool2d J [ 38 I3 - ¥4 1t Ak,
FEAE 5 Flatten J KRR AE B 8- — 2 ) &, FF7E e
Ja— M YEEE PR R, 159 3 s A ny i AR IEIRI Z o
23 W HFEHESR

TE B2 TR Ay EAE 55 i, 25 8 sl ki 5 2
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FER RSB PAE S B s LY %, Xt E
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B A B B AL R EERE 19855 . JUHXTT Mamba
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BAAESTE XEGERELH, 7£4 R LT 3¢
A S gl AKREIUART 5t05 8., M HI 55 1527
X PG g B o k0 i g

R P b AR [a) L, AR SCHE U-Net 229 TR 2 5|
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Fig. 3 Structure of the BRA module
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T HEAT Jay B AR 2R 5 5 1 SCHR AL, H ML 2 A
W ZREF 51 0L . SR, BRAGIAT
SEMRGNRG SRR, Fl S R B SUE B, #E—
P TR S B SO kL 2 5 30 NS F 1 e 7 R
77, IFARANHH 5 XA TR T 1Ak, BRA
B 32k 5 |4 JLE 47 -5 6 i 0TS SR, I I
I TR R A B AN AE &, PRAEAE TR SZ IR
R A 05 T AT R 5 v ) 4 B RE T R R4 1 52
PERE . UK v 8 B ARk ny DA AL 2N T

Eﬁ])\: X € RBXHXWXC

Eﬁ]tﬂ Lye RBXCxHXW

1) x « F.pad (x,pad,,pad,) ;

2) x « Reshape(x) € (N, P*,h,w,C);

3) (¢,kv) « QKVLinear(x);

4) q,,x < Reshape(g) € (N, P*,hw,C);

5) kv,ix < Downsample(kv);

6) quin < Mean,,,(q), kyi, — Mean,,, (kv [: Cyl);

7) lepe <~ DWConv(kv [Cy: ]);

8) (r,,r:dx) « TopkRouting(q,,Kuin);

9) kv, < KVGather(r,dx,r,,kvyy);

10) (kyix, Vpix) <= Split(kvyy);

11) attn « Softmax (g - kyx/ Vd);

12) out « attn - vy;;

13) out « Rearrange(out) + lepe;

14) y « W, (out);

15) if auto,ad = True theny « Crop(y);

BE 1 OB AR X SR R AT 7RSS, T
K an th BRI RS R

1) DX IR0 5 A 42 52 < 4% 2D fa A RRE 18]
X e RWCRI 3 S xS A H & ) X B, K15
g A DX 8 R I ZE R, BE S 15 B 00 AR
X' e RSSOl T 2 PR R A QL BEK L R
Ve RsleW/ssz .

Q=XW.,K=XWV=XW

K We, WE W € REOCONFERZHR I

2) DX TR] 6 ph s B S ) AR A DX
QMK 1341, 7= A X B K A& QK e RS,
1276 38 3 N FH QRN K 22 8] 1) A B 3 1 5 1 DX B
B X I AR B2 40 [ A7 e RS, B¢ J5 {8 FH topkIndex()
BEFFR B B R S T e R, AUIR B B4
25 3 X I 1 top-k 5 AH 56 X 8«

Ar — Qr(Kr)T
I' = topkIndex(A")

3) A WG4 BT R T el DXl AT BB AE S
[T /@ - S S (T S B s D g Y3 S
B B AU K 1, SR 5 AR RE (1) 4 R0 A R
BN T e K

K¢ = gather(K,I"),V® = gather(V,I")
Attention(Q, K¢, V?¢) =
softmax((Q(K#)")/ VC)V¢ + LCE(V)

K Ko, ve e ROV AR Y B FIE 7K 5, oRI

BLCEC) R B & AR AT 2 80k

3 LBRERE M

3.1 HiE&E

Ry S UE BT 4 R O AR 2 b R 2 RR o B 55
iR R M S B R, AR SO LI AR R e
4E (breast ultrasound images, BUSI). 4% 7 %55 K15 54
P54 (colorectal cancer-clinic dataset, CVC-ClinicDB)
DA S BFIE CT %04l 4E (combined healthy abdominal
organ segmentation, CHAOS-Liver)3 >/ F £ g 4
AT T RGP . BUSI E0HE 45 4175 780 5k FL,
JiR R AR, R R R R SO 3 R, ]
BRIz S thewm™E, FEHT
LR ek e A BT 55, I XA R A AR A MR L A5 T
R kb 3 5 1 FHRAIBE ) 3 CVC-ClinicDB J& —
T 45 5 EG  B R o E A T 4, 3t
612 sk E R ER, EAFEE N aE L
SRR 22k, BT EIRAE 3 SR B A 58 b ik
A7 K i 535 1 5 7 B2 2L 1 ; CHAOS-Liver £ ¥
£E T MICCAI 2019 CHAOSHEA, 414 T1 F1 T2
JAL A % 3L 4% (magnetic resonance, MR) A 13841
W72 14 (computed tomography, CT) FHi 5214, K
By P X 22 5 W3, S T IR uE B A
TERRBEAR B S50 T 1) X S A 5 10 AR FRE T .
32 LWIRE

AWFFE R PyTorch HEZE, 7E NVIDIA RTX
3090 GPU V-5 L HEAT50 5 o b P et S 56 — B0k,
X} 3 BB AR R S AT T g — AR B, s B
A ERR ST IR 224 B E <224 18 5 . X
77 K Adam Lt (01407 1 %4 0.000 1),
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HEAL PR /INKE N 2, 396 F 7838 X (binary cross-
entropy, BCE) $it 2k 55 8 i #H bl &2 £k (Dice similar-
ity coefficient, DICE) $5t 2k 1) N AL 4L & A S 42 2K bRy
H, D SHe st e 44 o3 EDRS B AN /N B A DX A R0 44
Ao MV LB BIRI M RE, FIr AT S5 56 25 AN fdi FH T
YRR ol J5 A B AR o AFEc 34 5 ifn, AR
FH Bifi AL 2 0 3R e W0 o 6 Aty 1 iy X, 7 DR IE 2K
Tt 2261 1 () B ol A i ) S e TR . BB
LY Zk 400 1~ epoch LABH LR 7240 8. 38 o 76
i ) 235 ) R e SIS AR A S ) B A (R B i 4 L
TTHE, A% 5250 7 58 Re 0% 4 1H VAN T £ 7 T AE R
[F) 53 FE 55 i)k FH Pk 5 e
33 EWEHR

55 Al T3 756 B DL R PP A AR SO S A
T CNN Fl Transfomer U7 : U-Net™, Swin-Uet™ Fl
CiTPY; 3T Kan BYELARL: U-Kan®Y; J£F MLP )
FR#. Rolling-Unet®™); B F Mamba AJ# %l . VM-

Unet?”, VM-UnetV2P9 | Swin U-Mamba'®”! £ Ultra-
Light VM-Unet®”, 3R ToU . Dice, HD95 Fl1 HD
YERPEALFE AR

% 1~3 394 T SDA U-Mamba 7E BUSI,
CVC-ClinicDB Hil CHAOS-Liver %4 4 I i 5256
g5 B4 AFRIBR A AR Lo RIZE R . 45
RFEW, SDA U-Mamba 7£ 3 M4 £4E A% ToU FI
Dice f8 bR U0 T B4 J7 i, 1 DA A8 T X Jak
5 RS X Sz 18] HA e 1 S N L —
PR, BB AT A58 XoF & A MG rh i M S T S 21
LA F PR . J0HE Dice REON/MMAFR
H AR A U, HAg i — 2P 550k T SDA U-Mamba
AN EHAR S EI P RS, BEARFE T K HARR %1
PERE, AR T 34 207 AR X o R
ik MAM, 3BT T AR BB SEE
gEH, 4558 R SDA U-Mamba 1 £ REAL B 43 A5
TRIFE, KT RISz LG

X1 BUSIHRETLLER

Table 1 Experimental results on the BUSI dataset

Methods Backbone IoU 1 Dice 1 HD| HD95| ZHE/MB
U-Net!"! CNN 58.39 72.56 51.54 16.43 34.53
Swin-Unet* Transformer 58.92 74.72 33.7313.37 5.05 27.15
Citt! CNN+Transfomer 58.89 72.92 41.53 17.26 20.55
U-Kan®¥ Kan 60.80 75.54 37.58 4.97 6.35
Rolling-Unet™” MLP 61.87 76.34 40.14 3.5810.98 28.32
VM-Unet?"! Mamba 61.26 75.37 56.26 13.77 34.62
VM-Unet V256 Mamba 56.62 72.28 38.16 4.56 17.91
Swin U-Mambal®”! Mamba 60.67 74.70 48.50 18.78 55.06
UltraLight VM-UNet"”! Mamba 52.51 67.66 55.11 27.56 0.04
SDA U-Mamba Mamba 65.7314.47 78.7212.38 37.10 5.20 7.56

TE: LLEARRMLAS R, W O AFRRIEE R, §i k58T BRI AR THE 5
%2 CVC-ClinicDB #{#F & LW R
Table 2 Experimental results on the CVC-ClinicDB dataset

Methods Backbone IoU 1 Dice?t HD| HD95| ZHE/MB
U-Net!"! CNN 84.96 90.2 33.51 2.98 34.53
Swin-Unet? Transformer 60.51 76.87 39.77 5.95 27.15
Citt CNN+Transfomer 70.45 82.6 39.56 17.86 20.55
U-Kan®¥ Kan 78.08 87.66 35.08 2.64]0.28 6.35
Rolling-Unet™” MLP 86.17 91.70 18.82]2.55 2.92 28.32
VM-Unet™"! Mamba 70.22 81.84 38.28 124 34.62
VM-Unet V254 Mamba 63.63 77.57 32.35 5.05 17.91
Swin U-Mambal®”! Mamba 82.12 89.53 34.76 7.25 55.06
UltraLight VM-UNet?*”) Mamba 48.83 62.98 50.44 26.01 0.04
SDA U-Mamba Mamba 86.4610.29 92.5210.82 21.37 3.32 7.56

TE: AL fURRAER, W ORRMER, fika B BRI LS THE R
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Table 3 Experimental results on the CHAOS-Liver dataset

Methods Backbone IoU 1 Dicet HD| HD95] ZH&/MB
U-Net!"! CNN 96.35 97.65 7.01 0.050 34.53
Swin-Unet® Transformer 92.73 95.94 13.35 0.723 27.15
Cit* CNN+Transfomer 94.74 96.83 7.89 0.111 20.55
U-Kan®" Kan 96.48 97.72 9.92 0.060 6.35
Rolling-Unet™ MLP 96.01 97.48 8.74 0.530 28.32
VM-Unet*" Mamba 96.11 98.01 7.36 0.009 34.62
VM-Unet V286! Mamba 95.90 97.70 7.77 0.056 17.91
Swin U-Mamba” Mamba 95.79 97.32 6.5710.79  0.036,0.007 55.06
UltraLight VM-UNet?*” Mamba 93.99 96.60 8.09 0.170 0.04
SDA U-Mamba Mamba 96.6710.19 98.2810.27 7.75 0.043 7.56

TE: AL ACRRARER, W ORRMER, fika B BRI LS THE R

o B
™ wll
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Image Mask U-Net  Swin-Unet CiT U-Kan Rolling-Unet VM-Unet VM Unet Swin-  UltraLight /A< 3 )57k
Umamba VM-UNet
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Fig. 4 Segmentation results of different models on various datasets
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Table 4 Ablation experiments for each module

Rz AL :
o SAPP SDFF BRA IoU Dice HD  HD95
34 HEXW V6211 7590 4042 1248
T IR G A AR R X AR B B S I, AR SC N V6504 77.63 3825  9.66
1F BUSI 48 5 E AT T M Rl SC 56 | ﬁn%% 4 ffi 7, Y N 6518 78.19  41.65 1247

65.37 78.14 38.21 5.09

AT SAPP 5 SDFF S #5154 4 GE % 52 i v
v v 6573 7872 3810 720

2E LK, SDFF 7ZE 42 R e I %, SAPP
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Table 5 SPP ablation experiments at different scales

SPPJRUEE IoU Dice HD HD95
(1,2,3,6) 64.26 77.40 49.43 15.37
(1,2,8,12) 64.29 77.56 46.22 13.04
(1,3,6,8) 65.73 78.72 38.10 7.20

% 6 BRA I top-k iHBE LIS
Table 6 Ablation experiments of BRA with different top-%

values
top-k IoU Dice HD HD95
3 64.67 77.96 38.73 10.54
4 65.73 78.72 38.10 7.20
5 63.25 76.54 42.32 14.17
6 63.01 76.67 44.85 12.48
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