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ABSTRACT

Medical image segmentation is crucial for clinical applications, but it is frequently
disrupted by noisy annotations and ambiguous anatomical boundaries, which lead
to instability in model training. Existing methods typically rely on global noise
assumptions or confidence-based sample selection, which inadequately mitigate
the performance degradation caused by annotation noise, especially in challeng-
ing boundary regions. To address this issue, we propose MetaDCSeg, a robust
framework that dynamically learns optimal pixel-wise weights to suppress the in-
fluence of noisy ground-truth labels while preserving reliable annotations. By
explicitly modeling boundary uncertainty through a Dynamic Center Distance
(DCD) mechanism, our approach utilizes weighted feature distances for fore-
ground, background, and boundary centers, directing the model’s attention toward
hard-to-segment pixels near ambiguous boundaries. This strategy enables more
precise handling of structural boundaries, which are often overlooked by existing
methods, and significantly enhances segmentation performance. Extensive exper-
iments across four benchmark datasets with varying noise levels demonstrate that
MetaDCSeg consistently outperforms existing state-of-the-art methods.

1 INTRODUCTION

Medical image segmentation is indispensable Boundary Ambiguity Phenomenon____ | _________ QurMethod _______,

Precise = Noise % Boundary ambiguity :

for modern healthcare, serving as the founda-
tion for accurate disease diagnosis, treatment
planning, and clinical decision-making (Yang
et al. 2023 Bai et al. [2023; [He et al.
2023).  The development of deep learn-
ing architectures such as U-Net (Ronneberger
et al., 2015), U-Net++ (Zhou et al.| [2018),
and nnU-Net (Isensee et al., [2021), coupled
with the availability of comprehensive datasets
including ISIC2018 (Tschandl et al| 2018),
BraTS (Menze et al., [2015)), LiTS (Bilic et al.,
2019), and ACDC (Zhuang et all 2021), has ) o
significantly advanced medical image segmen- Figure 1: Boundary challenges in medical image
tation. However, achieving precise segmenta- S€gmentation and our framework.

tion remains fundamentally challenging due to the prevalence of noisy labels in medical annotations.
In particular, the prevalent crowdsourcing annotation paradigm introduces significant quality con-
cerns. Different annotators exhibit varying levels of expertise and subjective interpretation, leading
to inconsistent boundary delineation and annotation errors. Moreover, inherent imaging limita-
tions—including variable illumination conditions (Abhishek et al., 2020), heterogeneous scanning
protocols (Gao et al.,[2025)), device-specific artifacts, and poor tissue contrast (Cossio,[2023;Shorten
& Khoshgoftaar, [2019)—further exacerbate boundary ambiguity. Consequently, these compounding
factors create substantial uncertainty in distinguishing pathological from normal tissues, resulting in
noisy labels that severely compromise model training and clinical reliability.

Recently, noise-robust learning has garnered increasing attention in medical image segmentation,
with existing approaches broadly categorized into category-level noise modeling and pixel-level de-
noising strategies. The first category typically employs noise transition matrices (Yang & Farsiu}
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2023)) and robust loss (Liang et al., 2023)) functions based on predefined assumptions about label
noise distribution. However, due to the randomness and diversity of real-world noise, the predefined
assumptions these methods rely on limit their ability to effectively handle noise, making them inca-
pable of addressing annotation noise in real-world medical segmentation. The second category fo-
cuses on pixel-level denoising using confidence-based sample selection (Liu et al.,2024;Nam et al.}
2024), but previous dynamic threshold strategies ignore the differences in segmentation difficulty be-
tween classes. In medical images, large structures exhibit well-defined contours and are relatively
easy to segment, while smaller structures such as lesion boundaries present ambiguous and morpho-
logically unstable characteristics. This disparity causes models to prioritize easily distinguishable
samples while neglecting challenging regions, leading to class imbalance and under-representation
of boundary areas. Although recent work |Lei et al.| (2025) has introduced class-imbalance-aware
dynamic thresholds, such approaches fall short in addressing label noise and boundary ambiguity in
medical segmentation tasks.

To address these challenges, we propose MetaDCSeg, a novel framework that tackles both label
noise and boundary ambiguity through a synergistic two-stage approach. In the first stage, we lever-
age a meta-learning paradigm to perform pixel-wise reweighting, where cross-entropy losses be-
tween ground truth and pseudo labels are computed for each pixel, and meta-learning is applied to
learn optimal pixel-wise weights that effectively suppress the influence of noisy annotations. In the
second stage, to counteract the model’s tendency to focus on easily segmentable regions under noisy
supervision, we introduce a dynamic feature distance-guided module that drives the network to pay
more attention to informative, hard-to-segment pixels, thereby improving generalization and robust-
ness under noisy boundary annotations. Our experiments demonstrate that MetaDCSeg achieves
consistent and significant performance improvements across four real-world medical segmentation
benchmarks—MSD Heart, MSD Brain, PROMISE12, and Kvasir-SEG—under varying noise ra-
tios (20%, 40%, and 60%), validating its effectiveness in handling both label noise and boundary
uncertainty in medical image segmentation.

The main contributions are summarized as follows:

* We propose MetaDCSeg, a novel framework that seamlessly integrates pixel-wise meta-
learning with dynamic center weighting to address both label noise and boundary ambiguity
in medical image segmentation, enabling robust learning under noisy supervision.

* We introduce a Dynamic Center Distance (DCD) mechanism that quantifies boundary un-
certainty through weighted feature distances to foreground, background, and boundary cen-
ters, combined with a meta-learning paradigm that dynamically learns pixel-wise weights.

» Extensive experiments across four benchmark datasets under varying noise ratios demon-
strate MetaDCSeg achieves significant performance improvements over state-of-the-art
methods.

2 RELATED WORKS

2.1 MEDICAL IMAGE SEGMENTATION

Medical image segmentation has experienced significant advancements through deep learning, par-
ticularly building upon the foundational U-Net architecture with continuous refinements in encoder-
decoder designs (Rayed et al.|, [2024; Wang et al., [2022b}, [Qureshi et al., [2023). Recent progress
encompasses three major directions: enhanced context modeling through Transformer-based archi-
tectures such as Swin SMT and FE-SwinUper that leverage soft mixture-of-experts and multi-scale
feature integration (Plotka et al. [2024; Zhang et al., [2025b)); the emerging large model + prompt”
paradigm exemplified by ProMISe and Med-SAM Adapter that adapt pretrained foundation models
for 3D and multimodal scenarios (Li et al.,2023;|Wu et al.,[2025)); and the adoption of diffusion mod-
els including LDSeg, cDAL, and DiffuSeg that demonstrate superior performance in high-accuracy,
weakly supervised, and cross-domain segmentation tasks (Zaman et al.l [2025; Hejrati et al., 2025
Zhang et al., 2025a). However, medical images inherently present difficult boundaries where fore-
ground objects exhibit fuzzy and discontinuous edges due to low contrast, imaging artifacts, and
annotation uncertainties, making boundary regions particularly challenging for segmentation mod-
els to accurately delineate.
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2.2 LEARNING WITH NOISY LABELS

Learning with noisy labels poses a fundamental challenge for existing deep learning models, par-
ticularly with weak supervision or non-expert annotations. Two primary approaches have emerged:
model-based methods estimate noise transition matrices to recover optimal classifiers but struggle
with heavy noise or numerous classes (Cheng et al., [2025; Wang et al., 2022a); while model-free
methods employ noisy sample detection (Zhang et al.l 2020; Jiang et al., |2025) and pseudo-label
refinement (Li et al., [2020) to directly mitigate noise impact. However, both paradigms exhibit
limitations in high-noise or data-scarce scenarios. Consequently, recent efforts have explored un-
supervised contrastive learning (Karim et al., 2022; [Zheltonozhskii et al., 2022; |Sheng et al., 2024)
to learn robust representations without explicit label correction. Nevertheless, achieving scalable
and robust representation learning under noisy supervision remains challenging due to the complex
interplay between label noise and model generalization.

2.3 META LEARNING FOR LABEL CORRECTION

Meta-learning has emerged as a powerful paradigm for enhancing robustness against noisy labels,
leveraging small clean validation sets through sophisticated bi-level optimization and instance re-
weighting strategies (L1 et al., [2019; [Vettoruzzo et al., [2024} |Wu et al.} 2021). Key developments in
this rapidly evolving field include: WarpGrad (Pham et al.| 2019)) pioneering bilevel optimization for
adaptive sample reweighting; L2B (Zhang et al.,|2021)) introducing pixel-wise confidence estimation
for fine-grained noise handling; Jo-Seg (Guo et al.|[2022)) innovatively unifying pseudo-label denois-
ing with sample reweighting in a joint framework; and MGL (Liu et al.}2023)) exploiting cross-image
consistency for enhanced robustness. Recent advances—CMW-Net (Shu et al.| 2023) for adaptive
weighting under diverse data biases and DMLP (Tu et al., 2023) combining self-supervised learn-
ing with meta-learning approaches—further demonstrate meta-learning’s remarkable effectiveness
in treating label correction as an iterative meta-process (Wu et al.| 2021} Zheng et al.| 2021} Wang
et al.,[20235)) or learning robust loss functions (Luo et al.| [2024} |Chen et al., 2025)).

3 METHODOLOGY

3.1 PROBLEM FORMULATION AND OVERVIEW

Given a medical image segmentation dataset with potentially noisy annotations, we denote the train-
ing set as Dyain = {(xi,yi)}Y, where x; € R *WxC represents the i-th input image and
yi € {0,1,...,L — 1} %W denotes the corresponding pixel-wise labels that may contain anno-
tation noise. Following the meta-learning paradigm, we assume access to a small clean validation
set Dya = {(x?V,y¥)}M, with M < N, where H, W, and C denote the image height, width,
and number of channels respectively, and L is the number of segmentation classes. We denote
M; € {0,1}7XW and M; € [0, 1]7*W as the ground truth and predicted masks for image i.

3.2 META-LEARNING FOR PIXEL-WISE NOISE SUPPRESSION

Medical segmentation faces spatially heterogeneous label noise—annotations are reliable in clear
anatomical regions but deteriorate at ambiguous boundaries. To address this, we adopt a pixel-wise
meta-learning framework, which dynamically assigns reliability weights to each pixel, enabling
adaptive trust in different supervision sources across the image.

3.2.1 PIXEL-WISE BOOTSTRAPPING LOSS
For each pixel (h,w) in image 7, we define the meta-weighted loss as:

LI (0) =™ - Lor(pf™, ¥ ")

(1)
+ thw . ECE(p?w7 y?seudo,hw)7

where p" = F(x;;0)"" denotes the predicted probability at pixel (h, w), y"*""*
pseudo,hw

(potentially noisy) label, y;

K3

is the observed
= argmax.e{o,..—1} Py[c] is the pseudo-label, and Lcg is
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Figure 2: The proposed MetaDCSeg architecture with pixel-wise meta-learning and dynamic bound-
ary refinement modules.

the cross-entropy loss. The meta-learned weights o'’ and 3" balance between exploiting ground-
truth annotations and leveraging self-supervision: o dominates in reliable regions to utilize expert
knowledge, while 3 increases at uncertain boundaries to filter annotation noise through model
predictions.

3.2.2 WEIGHT INITIALIZATION STRATEGY

The meta-learned weights o/ and 3" are initialized based on the model’s initial confidence:
ag¥ =1.0, V(hw,i), o
0y =00, V(hw,i),

where the subscript 0 denotes the initial iteration. This initialization assumes initial trust in the
provided annotations while allowing the model to gradually learn to incorporate pseudo-labels as
training progresses.

3.2.3 META-LEARNING OBJECTIVE

To achieve precise pixel-wise noise suppression, our method assigns adaptively learned weights to
each pixel. These weights are refined through a bi-level optimization framework that dynamically
adjusts o' and 8" for each pixel based on the validation set.

We denote the weight matrices as o = {a | Vi, h,w} and 8 = {8/ | Vi, h,w}, where each pair
of weights satisfies the complementary constraint o™ + B = 1 with o ghv € [0, 1].

The inner optimization learns the model parameters given the current weights:
N
. Lh
0% (. f) = argmin 7 "o Lee(p]™, ")
i=1 h,w 3)
seudo, h
_"_ﬁfbw CCE (p?w, ygqeu o w)]7

where 0*(«, 3) represents the model parameters optimized with fixed weight matrices  and 3 for
all pixels in the training set.
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The outer optimization determines the optimal weights by minimizing the validation loss:

a*, ﬂ* = arg IgiglE(x”,y”)NDvm [ECE(F(XU; 0*(aa 6))7 y'u)] (4)

Note that in Eq.[4] although « and 3 do not appear explicitly in the loss function, they influence the
validation loss through the optimized model parameters 6* (c, ). This bi-level optimization frame-
work prevents the trivial solution (« = 0, 5 = 0) through the complementary constraint, ensuring
that each pixel receives a meaningful weighted combination of real and pseudo-label supervision.

Through this dual optimization in Eq.|3|and Eq. 4} we can dynamically learn both the model parame-
ters 0 and the pixel-wise weights for real labels v and pseudo-labels 5. The meta-learning objective
automatically identifies and reduces the contribution of noisy pixels while emphasizing clean ones,
as validated on the clean validation set.

Meanwhile, the online approximation of this bi-level optimization follows the method of Zhou et al.

(2024) which is provided in[Appendix.A.3

3.3 DyYNAMIC CENTER DISTANCE BOUNDARY REFINEMENT

Building upon the meta-learned representations, we introduce a dynamic center weighting mecha-
nism that exploits a key insight: ambiguous boundary pixels exhibit transitional feature characteris-
tics between foreground and background regions in the feature space. The boundary center in Eq.
serves as a reference point for measuring these feature transition patterns, capturing the intermediate
state where pixels are equidistant from both semantic regions. By measuring weighted distances to
these centers, we quantify boundary uncertainty and direct model attention to challenging regions,
while meta-learned reliability weights ensure robust center estimation.

3.3.1 FEATURE EXTRACTION

We extract feature representations from the penultimate layer of the decoder in network F', which
provides a balance between high-level semantic information and spatial resolution. Specifically, for
each pixel (h, w) in image i, the feature vector is:

h!" = Freu(x;;0)" € RP, )

where Ff, denotes the feature extraction operation up to the penultimate decoder layer, and D is
the feature dimension.

3.3.2 UNCERTAINTY-AWARE REGION DECOMPOSITION

We decompose the image into three distinct regions: foreground Pg, (high-confidence predictions),
background Py, (low-confidence predictions), and boundary Pyq (intermediate confidence plus de-
tected edges):

Prei = {(h,w)| M} > 7}, ©6)
Pogi = {(h, w)|]\2ffw <1l-—r7}, (7)
Pbd,i = {(h’ ’LU>|1 —T7< Mihw < T} U 7)edge,i7 ()

where M is the predicted foreground probability at pixel (h,w) in image i, 7 € (0.5,1) is a
confidence threshold, and Pegee ; contains edge pixels detected using PiDiNet (Su et al., 2021).

3.3.3 META-WEIGHTED DYNAMIC CENTERS
The uncertainty weight serves as a pixel-wise reliability indicator:
,yihw — d?w + Biiz,u)’ (9)

where G/ and Bf“’ are the rectified meta-learned weights from online approximation, representing
the reliability of annotation and model prediction respectively.
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D thwyery VY B
cpy = —LIEPei T J e {fg,bg,bd}, (10)
Z(h,w)E’Pk’i ’Y’L

where h* € RP is the D-dimensional feature representation at pixel (h,w) in image .

3.3.4 ADAPTIVE BOUNDARY WEIGHTING

For pixels in the boundary region, we compute a composite distance metric:
hw hw
0™ — Crg,ill - [[h3i™ — Cog,ill2

[h" — coaill2 + €

(In

DCD!™ =

where || - ||2 denotes the Euclidean norm and € = 108 is a small constant for numerical stability.

This metric captures the relative position of boundary pixels with respect to all three centers. The
normalized importance weight is:

hw
whw _ exp(DCDi /Tdcd) (12)

L Y ey, &XP(DCDY Y 1)

where T4.q > 0 is a temperature parameter controlling the sharpness of the weight distribution.

3.4 UNIFIED TRAINING OBJECTIVE

The final training objective seamlessly integrates both stages:
N

Low=Y_ > LMO)+xN > wh L)
h,aw

1=1 (h,w)EPra,i (13)
+ A2 Lpice (M, M),

where £ (8) is the meta-weighted pixel-wise loss (Eq., A1, Ag are hyperparameters for boundary
refinement and global consistency balance, and Lp;c. ensures global structural consistency.

4 EXPERIMENTS

4.1 EXPERIMENTAL SETTINGS
Datasets. We evaluate MetaDCSeg on four benchmark medical imaging datasets:

* MSD Heart (Simpson et al, 2019): A cardiac segmentation subset from the Multi-Atlas
Labeling Beyond the Cranial Vault (MSD) challenge, comprising 20 3D CT scans.

¢ MSD Brain (Simpson et al.| 2019): A brain tumor segmentation subset containing 484
multi-modal MRI volumes with T1-weighted sequences. The dataset is divided into 387
training volumes and 49 test volumes.

* PROMISE12 (Litjens et al,[2014): A prostate MRI segmentation dataset featuring 50 T2-
weighted 3D scans with expert manual annotations. We employ 40 scans for training and
reserve 10 for testing purposes.




Under review as a conference paper at ICLR 2026

Kvasir-SEG

r

Ground Truth MAXFormer MADGNet ConDSeg TraCoCo DconnNet MetaDCSeg

PROMISE12

Ground Truth MAXFormer MADGNet ConDSeg TraCoCo DconnNet MetaDCSeg

MSD Heart

Input Ground Truth MAXFormer MADGNet ConDSeg TraCoCo DconnNet MetaDCSeg

MSD Brain

Input Ground Truth MAXFormer MADGNet ConDSeg TraCoCo DconnNet MetaDCSeg

Figure 4: Visual comparison of segmentation methods on Kvasir-SEG, PROMISE12, MSD Heart,
and MSD Brain datasets.

Table 1: Performance comparison of the MSD Heart dataset at different noise levels. Results marked
with (*) indicate experiments conducted by the authors.
Noise Level | 0% 20% 40% 60%
Method | mloUt DSCt HD| mlU{ DSCt HD| mlbU{ DSCt HD| mlU{ DSCt HDJ|

MAXFormer* | 68.17 81.32 1534  65.34 79.45 1915 62.24 76.72 2470  51.80 68.25 3052
MADGNet* 75.16 83.27 1432  70.77 82.88 21.06  65.62 7924 1959  63.69 77.82 2831
ConDSeg* 67.91 76.17 2253 62.82 73.07  30.17  58.35 69.05 2953  63.22 7321 2741
HAMIL* 53.26 69.14  17.31 50.59 62.56 1937  65.32 75779 16,55 5332 64.59 2350

L2B* 7792 87.17 1323 7356 8476 1617 7160 8345 1445 6589 7944 17.84
MetaDCSeg | 79.58  89.14 576  77.23  86.63 8.36  75.73 8459 12.28 71.86 8119 15.26
A 1166 1197 747 1367 1187 781 1413 1114 217 1597 1175 |2.58

* Kvasir-SEG (Jha et al., |2020): A polyp segmentation dataset composed of 1,000 high-
resolution endoscopic images collected during colonoscopy procedures. Following estab-
lished protocols, we utilize 800 images for training, 100 for validation, and 100 for testing.

Evaluation Metrics. We employ four standard metrics: mIoU (mean Intersection over Union),
DSC (Dice Similarity Coefficient) and HD (Hausdorff Distance). Higher mIoU/DSC and lower HD
indicate better performance.

Implementation Details. MetaDCSeg uses U-Net++ backbone implemented in PyTorch. Training
configuration: 100 epochs with SGD (Ir=0.005, momentum=0.9, weight decay=5 x 10~%), Lamb-
daLR scheduler (A = 20/(epoch+20)), and 10-epoch warm-up. Meta-learning employs single-step
gradient updates with 2% clean meta-dataset. Key hyperparameters: momentum o = 0.9, GMM
threshold 8 = 3.0 (linear decay), gradient clipping=0.2, EMA decay=0.99. Data augmentation in-
cludes random flipping, rotation (£10°), and multi-scale zoom [4-30 pixels]. The noise injection
methods for image segmentation tasks follow the approach proposed in [Zhou et al.| (2024), with

detailed implementations provided in

4.2 COMPARISON WITH THE STATE-OF-THE-ARTS

We evaluate MetaDCSeg against five state-of-the-art methods across four medical segmentation
datasets under clean conditions (0% noise) and noisy supervision (20%, 40%, and 60% noise lev-
els). Importantly, as shown in Table [T, MetaDCSeg achieves 79.58% mloU on clean MSD Heart
data, surpassing L2B (Zhou et al., |2024) by 1.66%, demonstrating that our noise-handling com-
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Table 2: The performance of the Kvasir-SEG (colon) dataset at different noise levels.
Noise Level | 0% 20% 40% 60%
Method | mloUt DSCt HD) mloUt DSCt HD| mloUt DSCt HD| mloUt DSC+ HD|

MAXFormer * | 68.42 81.25 35.18  54.65 70.67  27.87 3499 51.28 61.05 3055 46.80  49.21
MADGNet * 75.63 86.14 2892  64.29 76.90 53.16  53.30 67.56  61.09  39.60 54.07  78.38
ConDSeg * 82.76 90.68 1835  70.88 8296 3147 5372 69.89  39.53  34.66 51.47  53.07
HAMIL * 84.28 91.52 1264 7054 7936 19.07  67.67 76.01  20.81 64.32 68.77 2254

L2B * 9185 9578 623  88.19 9362 1044 8175 8894 1857 7283 8296 31.87
MetaDCSeg | 9347  96.35 516  90.89 9442  8.07 8701 90.72 1396 8151 8519 18.67
A 1162 1057 1107 1270 1080 [237 1526 1178 461 1868 1223 |3.87

Table 3: Performance comparison of the MSD brain dataset at different noise levels.
Noise Level ‘ 0% 20% 40% 60%
Method | mloU+ DSCT HDJ mloUt DSCt HD| mloUt DSCt HD) mloUt DSCt HDJ

MAXFormer * | 26.84 4231 1625 19.62 32.81  21.30 14.45 2456  29.78 10.75 19.42  32.03
MADGNet * 24.76 39.68 15.83 18.57 3123  21.71 17.93 3041  16.28 10.45 1045 26.64
ConDSeg * 27.58 43.16 1475  21.19 3497  18.13 18.67 36.71 19.41 15.12 3491 2038
HAMIL * 28.93 4487 1248  20.58 4256 1537 15.32 3578 18.38 14.32 25.69 2538

L2B * 6945 8197 1462 6272 7459 1628 5852 6974 1912 5374  70.66 21.85
MetaDCSeg | 77.82  87.55 11.24 7315 7937 1336 69.61  74.83 1557 67.54 72.88 18.64
A 1837 1558 |124 11043 1478 1201 11109 1509 071 11380 1222 |1.74

ponents do not compromise performance on high-quality annotations. This trend continues across
datasets: on Kvasir-SEG (Table [2), MetaDCSeg achieves 93.47% mloU at 0% noise, improving
1.62% over L2B; on MSD Brain (Table EI), we achieve 77.82% mloU, an 8.37% improvement over
ConDSeg (Lei et al., 2025); and on PROMISEI2 (Table , we reach 87.15% mloU, surpassing
HAMIL (Zhong et al.| 2023) by 1.48%. These clean-data results validate that our meta-learning
framework introduces minimal overhead when noise is absent. As noise increases, MetaDCSeg’s
superiority becomes more pronounced: at 60% noise, we maintain 71.86% mloU on MSD Heart
(5.97% above L2B), 81.51% on Kvasir-SEG (8.68% above L2B), and remarkably 67.54% on MSD
Brain where MAXFormer (Liang et al., [2023) catastrophically fails at 10.75%. On PROMISE12
at 60% noise, MetaDCSeg achieves 80.49% mloU, a 13.96% improvement over HAMIL, while
MADGNet (Nam et al.}[2024)) collapses to merely 4.10%. The consistent improvements from 0% to
60% noise demonstrate that MetaDCSeg not only excels under noisy supervision but also maintains
competitive or superior performance on clean data, confirming our approach effectively adapts to
varying annotation quality without sacrificing baseline accuracy.

5 DISCUSSION

5.1 MODULE ABLATION

We systematically evaluate three core components under 40% noise conditions.

Meta-Learning Module. As shown in Table [5] removing the meta-learning component causes
the most significant performance degradation, with mloU dropping from 75.73% to 71.42%. This
confirms its critical role in noise suppression through adaptive weight assignment between noisy and
pseudo labels, enabling robust discrimination of reliable annotations in ambiguous regions.

DCD Weighting. The absence of dynamic center distance weighting results in a 2.45% mloU
decrease (75.73%—73.28%) and notable boundary metric degradation (HD: 12.28—13.52). This
validates that explicit boundary modeling through distance-based weighting effectively addresses
anatomical boundary ambiguities inherent in medical images.

Dice Loss. While contributing the smallest individual improvement, removing the Dice loss still
causes a 1.12% mloU drop (75.73%—74.61%). This demonstrates that pixel-wise optimization
alone cannot maintain coherent anatomical structures, necessitating region-level supervision for ro-
bust segmentation.
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Table 4: Performance comparison of the PROMISE12 dataset at different noise levels.
Noise Level | 0% 20% 40% 60%
Method | mloUt DSCt HD| mloUt DSCt HD| mloUf DSCt HD| mloUt DSCt HDJ|

MAXFormer * | 64.75  78.62 8643 3728 5431 103.69 4076  57.92 10297 5696  72.58 9421
MADGNet* | 892 1638 1826 630 940 2578 546 805 3633 410 655  44.69
ConDSeg* | 68.34 8115 7.82 5492 6398 1123 4183 5255 17.18 4031  S3.08 15.10
HAMIL * 81.67 8234 615 7246 7874 926 6826 6624 1012 5653 6129 1446
L2B 8523  87.08 419 8137 8201 554 7451 8083 668 6172 8201 10.17
MetaDCSeg | 8671  87.92 401  83.70  83.99 452 7799 8332 528  75.68 8275  8.84
A 1148 1084 1018 1233 1198 [1.02 1348 1249 [140 11396 1074 |1.33

Table 5: Ablation study on different modules Table 6: Performance comparison across meta-dataset
of the proposed MetaDCSeg. v'indicates the sizes. CE: performance gain per computational unit;
module is included. M : meta-dataset size.

Meta DCD DiceLoss | mloU DSC  HD M, | mloU DSC HD  Time/Epoch | Memory CE

v v v 7573 8459 12.28 1% | 7485 84.12 13.04 2.8 min 7.2GB -
v v 7142 82.15 14.76 2% | 7573 84.59 12.28 3.2 min 78GB  3.70

v v 7328 8336 13.52 5% | 7591 84.68 12.15 4.5 min 9.6GB 093

v v 74.61 8394 12.89 10% | 76.02 84.74 12.08 6.8 min 124GB 0.37

Table 7: Computational complexity and performance analysis on MSD Heart (40% noise)

FLOPs Memory Train Time Inference mloU
Method/Module G) (GB) (min/epoch) (ms/img) (%) AmloU
Baseline U-Net++ 91.65 5.80 2.10 45.14 71.42 -
+ Meta Module 132.00 (+44.0%) 7.80 (+34.5%) 3.00 (+42.9%) 45.31 74.51 +3.09
+ DCD Module 97.80 (+6.7%) 5.80 (+0.0%) 2.20 (+4.8%) 45.34 72.18 +0.76
+ Dice Loss 92.11 (+0.5%) 5.80 (+0.0%) 2.14 (+1.9%) 45.19 71.91 +0.49
MetaDCSeg 141.60 (+54.5%) 7.80 (+34.5%) 3.20 (+52.4%) 45.21 75.73 +4.31

5.2 IMPACT OF META-LEARNING DATASET SIZE

We evaluate meta-dataset size impact on the MSD Heart dataset with 40% label noise. To quantify
the performance-cost trade-off, we define Cost Efficiency (CE) as:

AmloU
CE = 14
(Time; /Time;9) x (Memory,/Memory,o,) — 1 (14

where AmloU denotes performance gain and denominator captures resource overhead.

Table [6] shows that 2% configuration achieves optimal CE (3.70). While 10% improves mIoU by
1.17%, it requires 2.4 x training time and 1.7 x memory. The CE drops 90% from 3.70 (2%) to 0.37
(10%), indicating severe diminishing returns. Therefore, we adopt 2% as default meta-dataset size.

5.3 COMPUTATIONAL COMPLEXITY ANALYSIS

Table[7|demonstrates that MetaDCSeg achieves a significant 4.31% mloU improvement (75.73% vs.
71.42%) with 54.5% FLOPs and 34.5% memory overhead. The meta-learning module contributes
the most (3.09% mloU gain) despite higher computational cost, while the DCD module efficiently
adds 0.76% improvement with only 6.7% FLOPs increase. Crucially, inference time remains nearly
identical (45.21ms vs. 45.14ms), preserving real-time capability. Despite 52.4% longer training,
MetaDCSeg effectively balances accuracy and efficiency for noisy medical data segmentation.

6 CONCLUSION

This paper proposed MetaDCSeg, a medical image segmentation framework addressing noisy an-
notations and boundary ambiguity. The core idea integrates pixel-wise meta-learning with dynamic
center distance weighting. MetaDCSeg’s effectiveness was demonstrated through experiments on
four benchmark datasets, showing it outperforms existing methods under various noise levels. Ab-
lation studies validated each component’s importance, revealing meta-learning contributes most to
performance gains.
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A APPENDIX

A.1 REPRODUCIBILITY STATEMENT

Table 8: Customized hyper-parameters per dataset for MetaDCSeg.
Meta

o Input Train  Meta Epochs Meta Boundary  Grad
Dataset Size Batch Batch (total/warm) LR WD Step S];zlfle Ad - Adice Taed Ratio Thresh
Kvasir-SEG | 256x256 2 2 140/ 10 0.0060 5e-4 1 0.01 035 0.08 1.0 0.14 0.08
PROMISEI2 | 144x 144 1 2 120/ 10 0.0050 5e-4 1 0.01 030 0.10 1.0 0.10 0.10
MSD Heart 160x 160 1 2 160/ 15 0.0040  5e-4 1 0.01 033 0.12 1.0 0.11 0.10
MSD Brain 160x 160 1 2 180/15 0.0035 4e-4 1 0.01 028 0.14 1.0 0.12 0.12

To ensure the reproducibility of our experiments, we provide core training code at
https://anonymous.4open.science/r/Meseg-6F8A/. All experiments were conducted on 4 NVIDIA
A6000 GPUs. The complete hyperparameter configurations used in our experiments are detailed in
Table [§] The repository contains all necessary scripts for data preprocessing, model training, and
evaluation to facilitate the reproduction of our results.
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A.2 DATA NOISE INJECTION METHODS

A.2.1 OVERVIEW OF LABEL CORRUPTION STRATEGY

To evaluate the robustness of our MetaDCSeg framework against annotation noise, we systemati-
cally inject controlled label corruption into the ground truth segmentation masks. Our noise injection
strategy simulates realistic annotation errors commonly encountered in medical image segmentation,
including boundary imprecision, structural deformation, and topological changes.

A.2.2 NOISE INJECTION PIPELINE

Given a clean ground truth segmentation mask y; € {0, 1}7*W for image i, we generate the cor-
rupted label y; through a multi-stage stochastic process:

Geometric Transformation First, we apply a random rotation to simulate annotator variability in
orientation perception:

v = Rolys). 0 ~U(-20,20), (15)
where Ry denotes the rotation operator and I/ represents uniform distribution.
Morphological Perturbation We then apply morphological operations to simulate boundary annota-
tion errors. With probability p,,orpn = 0.5, we apply either erosion or dilation:
Erosion Operation:

v =y ek j~Clero), (16)

Dilation Operation:
vy =y aK;, j~Cra), a7

where © and @ denote morphological erosion and dilation respectively, KC; represents the structuring
element (kernel) of size j, and C(p) is a categorical distribution with probability vector p.

Structural Replacement With probability pejispse = 0.5, we replace the segmentation with an ellip-
tical approximation to simulate gross annotation errors:

C {5(}/1(2)) ifr < DPellipse and Zh,w yﬁzw > 300 (18)

y§2) otherwise

where r ~ U(0,1) and £(-) constructs an ellipse with semi-axes and center derived from the bound-
ing box of the input mask:

h — 2 _ 2
g(y)hw — |:( 2yc) + (w 2370) <1 7 (19)
T T
y x
with center (zc,¥e) = 3(Tmin + Tmaz: Ymin + Ymas) and semi-axes 7o = 3 (Tmaz — Tmin),

1
Ty = §(y7rm;c - ymin)‘
A.2.3 NOISE LEVEL CALIBRATION

To achieve target corruption rates of 20%, 40%, and 60%, we calibrate the kernel sizes and proba-
bility distributions for each noise level:

The probability vectors pe,, and pg;; define cumulative thresholds for selecting kernel sizes, where
larger kernels produce more severe morphological changes.

A.2.4 CORRUPTION RATE VERIFICATION
The actual corruption rate is measured using the Dice coefficient between original and corrupted

labels: -
2ly Ny

Corruption Rate = 1 — DSC(y,y) =1 — ————,
MEdN

(20)

where | - | denotes the number of positive pixels.
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Table 9: Noise injection parameters for different corruption levels

Parameter | 20% Corruption | 40% Corruption

Kernel Sizes {7%,142%,212, {7%,112,132,
282,352} 172,212}

Pero 0.1,0.2,0.5, [0.4,0.6,0.8,
0.7,1.0] 0.9,1.0]

Dait 0.1,0.2,0.5, [0.4,0.6,0.8,
0.7,1.0] 0.9,1.0]

A.3 ONLINE APPROXIMATION

Directly solving the bi-level optimization is computationally expensive.We adopt an online approx-
imation in |Zhou et al.| (2024) that alternates between model and weight updates at each iteration
t.

At each iteration, we first compute a temporary parameter update using the current pixel-wise
weights:

9t+1 — 9t )\VQ Z Z O/Hu hw + ﬂth;ugzhw( )]7 (21)

i€B h,w
where B denotes the current mini-batch, X is the learning rate, £ (0) = Log(F(x;;0)™, yi=")
and g/ (0) = Lep(F(xi; )", yf"").

With these temporarily updated parameters, we then evaluate the model performance on the valida-
tion set and use this feedback to update the meta-weights through gradient descent:

(at+1 z?ﬁt+1 i) = (a?;ﬂa t}”{U) angf/ﬁgﬁfﬁval(étnLl)» (22)

where )V denotes the validation mini-batch, 7 is the meta-learning rate, and ,Cva](étH) =
i h
Zh,w ﬁCE(F(X§§9t+1) 73/5) “).

Since the gradient-based update may produce negative weights, we apply rectification to ensure
non-negativity, followed by normalization to maintain numerical stability:

h hw 2h h
O‘t? = max(at+1 i 0), t,l'ﬂ = max(ﬁt_:_”u, 0), (23)
apw Bl
R i Ahw _ Pt
ayy = t,;‘ﬂ = (24)

3 Zl ) ZZ )

where Z; = >, w[dfﬁ” + Bth;”] is the normalization factor ensuring numerical stability across the
batch.

A.4 THEORETICAL ANALYSIS

We establish theoretical guarantees for MetaDCSeg’s convergence and stability properties. Our
analysis demonstrates that the proposed framework achieves robust segmentation under noisy su-
pervision through principled optimization.

A.4.1 CONVERGENCE OF META-LEARNING OPTIMIZATION

Theorem 1. Under the assumptions that (i) the loss functions have o-bounded gradients:
[V fre(6)]] < o and |[Vgi*(0)| < o for all i, h, w, where
fhw(g) = CE(F(XZ‘; o)hw, yieal,hw)

gi (9) = ECE(F(Xi;H)hw ypseudmhw)

?J

(25)
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and (ii) the validation loss Ly, (@) is L-Lipschitz smooth, the validation loss monotonically decreases
with appropriate learning rates.

Proof. Starting from the Lipschitz smoothness condition:

Cval(0t+l) S Eval(gt) + <V»Cval(0t)v 9t+1 - 9t>

L (26)
+ §||9t+1 — 607

From our update rule, we have:
9t+1 —0, = —\Vy Z Z hw hw
i€B h,w (27)
Bl g6 >}

where di“f and 3" are the normalized weights after rectification.

The meta-weight update follows from the bi-level optimization:

OLya (0
ol =l n% (28)
tyi
By the chain rule:
T a0t+1
Dl (29)
= —AVoLa(041)" Vo £ (0;)

a‘Cval (ét+1)

= VoLyal(f
3047}}77;’ 0 al( t+1)

Therefore: N N
w _ w
Qi1 = Qs

i . (30)
+ MVoLya(0r41), Vo i (64))

This update increases ah“’ when the gradient alignment is positive, indicating that increasing this
pixel’s weight reduces Vahdation loss.

Substituting into the smoothness inequality:

['val (9t+1) S »Cval (gt)

—)\<Vﬁval 00), Vo Y > [ary i

i€B h,w
+Bl gl ()] ) an
LAQ ~ hw hw
+ =5 |[Ve o 2 e
i€B h,w
+B1 g1 (0, ] H

For the first term, using the fact that meta-weights are updated to align with validation gradients:

- A <vcval(9t)7 Vo Z &qufzhw(et)>

)\2 i,h,w (32)
=S Y (VLw(0:), Vo (6,)?
i€B h,w
where Z = 375> @l j“f + ,8 '] is the normalization factor.
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For the second term, using the bounded gradient assumption and the fact that normalized weights
sum to 1:

2
=2 Ve X2 [ate st o0 + Bl gl 00)]
i,hw 33)
L)\20?
-2
Combining these results:
Cval(0t+1) S ['val(gt)
)\2
B 777 [<V‘Cval7 vfzhw>2
i,h,w (34)
+<V£valv vglhw>2]
L)\?0?
2

For convergence, we require the negative term to dominate:

A2 ' w
777 Z chvala fhu > <V£Vala v.gzh >2]
i,h,w (35)
S L)\252
2

This is satisfied when A < ,/ o 2 ~L» Where M = |V| is the validation set size, completing the
proof.

A.4.2 STABILITY ANALYSIS OF DYNAMIC CENTER DISTANCE

Theorem 2. The Dynamic Center Distance (DCD) mechanism maintains numerical stability with
bounded values and gradients under the following conditions.

Proof. For any boundary pixel (h, w), the DCD is computed as:

17 — ergiilla - 1A — chg.ill2

DCD/ =
‘ A2 — coaill2 + €

(36)

Let R = max; j,, ||h"*||2 be the maximum feature norm. Using the triangle inequality:

1R = erilla < 1A ll2 + llexill2

(37)
< R+ |ekll2

Since centers are weighted averages of features:

whhw

|| ’ e
Ck,i hw'

Z(h’ w')EPy.i i

2
X wnepes IR 2 (38)

S hlwl
Z(h’ NePr: Vi

<R

Therefore:
[h —ep il < 2R (39)
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This gives us the upper bound:
2R)?  4R?
DCDZ}-L“’ < ﬂ — i (40)
€ €

For gradient stability, consider the derivative with respect to A%

1
V), DCD = X
" ' [P — coaill2 + €
hi" — crg,i h
T 1A = cogallz
[h = ergilla ™ = @)
+ B o 1R — e
IR = cogalla T
_ DCD}™ - (A" — cpas)
(1A — coall2 + €)?
Each term is bounded by construction, ensuring:
6R
||Vh§}wDCD?wH2 s (42)

This bound guarantees stable gradient flow through the DCD mechanism.

A.4.3 JOINT OPTIMIZATION CONVERGENCE

Theorem 3. The unified objective combining meta-learning and boundary refinement converges to
a stationary point under the combined action of both mechanisms.

Proof. The total gradient with respect to model parameters is:

N

VoLow =Y > VoLl™(0)

=1 h,w

N
A > [whveLh (o) (43)

=1 (h,w)EPpd,:
+LI(0)Vow™]
+ A2 Vo Lpice(M;, M;)

The boundary weight gradient term introduces second-order effects:

h wf h
Voul” = T {VgDCDi“’
c
(44)
_ Z wﬁ"/“’/VGDCDfI“’l
(b, w")EPra,i

Given the bounded gradients established in Theorem 2 and the Lipschitz continuity of the loss func-
tions, the composite gradient satisfies:

VoLiowlll2 < C1+ AMCo + A2C3 (45)
where C, Cy, C5 are constants dependent on the problem parameters. This boundedness, combined
with the monotonic decrease property from Theorem 1, ensures convergence to a stationary point.

The theoretical analysis confirms that MetaDCSeg achieves robust segmentation by maintaining
stable optimization dynamics while adaptively handling both label noise and boundary uncertainty.
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A.5 NUMERICAL STABILITY AND COMPLEXITY ANALYSIS

A.5.1 NUMERICAL STABILITY OF DCD COMPUTATION

The Dynamic Center Distance (DCD) metric involves division by the distance to the boundary cen-
ter, which raises potential numerical stability concerns. We analyze three critical scenarios that may
arise during computation and propose corresponding solutions.

Case 1: Near-boundary pixels. When h"% ~ Cbd,;» the denominator |hhw — Cbd,i||2 approaches

zero. Although the stability constant € = 10~ prevents division by zero, it may still lead to ex-

tremely large DCD values that destabilize training. To address this issue, we implement a clipping

mechanism:

B — crgill2 - [[h™ — chg,ill2
[} — coaill2 + €

where DCDy,,x = 100 is empirically determined to maintain numerical stability while preserving
discriminative power.

DCD = min ( ,DCDmaX> , (46)

Case 2: Degenerate center configurations. Another critical scenario occurs when any region Py, ;
contains very few pixels or all pixels have low reliability weights 7/, causing the center become
unreliable. We handle this situation through a fallback mechanism:

Z(h e, ‘%}/m. ?w .
_ > kot hw ) if |Pk,i‘ Z Tmin 4
Ck,i = (h,w)EPY ; Vi ( 7)
Ck default otherwise

where 7, = 10 pixels and ¢, gefaur are pre-computed default centers from the training set statistics.

Case 3: Gradient flow. The softmax normalization with temperature 74.4 ensures bounded gradients
throughout training. As 74,4 — 0, the distribution becomes sharper but may cause gradient vanishing
for low-DCD pixels. Therefore, we empirically set 74.¢ = 1.0 to achieve an optimal balance between
distribution sharpness and stable gradient flow.

A.5.2 COMPUTATIONAL COMPLEXITY ANALYSIS

To evaluate the practical feasibility of MetaDCSeg, we analyze its computational complexity in
terms of both time and space requirements.

Time Complexity: The meta-learning update at each iteration requires O(|B| - H - W - C') for the
forward pass and O(|B|- H - W - C +|B| - P) for the backward pass, where P represents the number
of model parameters. Additionally, the weight update mechanism necessitates an extra validation
forward pass with complexity O(|V| - H - W - C). For the DCD computation, feature extraction
requires O(N - H - W - D) per epoch, center calculation needs O(N - H - W) (computed in a single
pass for all three regions), and distance computation demands O (N - |Pyuq| - D) where |Pyq| denotes
the number of boundary pixels.

Combining these components, the total time complexity per epoch becomes:

ON-H-W-(C+D)+N-P/|B))+O0(M-H-W-C) (48)

Given that M < N in our meta-learning setup and typically |Pug| =~ 0.1 - H - W for medical
images, the computational overhead compared to standard training is approximately 1.3x to 1.5x,
which remains practical for most applications.

Space Complexity: The primary memory requirements consist of O(N - H - W) for storing pixel-
wise weights o/ and 8, and O(N - H - W - D) for feature maps if cached. The storage for centers
isonly O(3- D - N), which is negligible compared to the other terms. The dominant overhead arises
from pixel-wise weight storage, amounting to approximately 2- N - H - W - sizeof(float) bytes, which
remains manageable for typical medical imaging datasets.

19



	Introduction
	Related Works
	Medical Image Segmentation
	Learning with Noisy Labels
	Meta Learning for Label Correction

	Methodology
	Problem Formulation and Overview
	Meta-Learning for Pixel-wise Noise Suppression
	Pixel-wise Bootstrapping Loss
	Weight Initialization Strategy
	Meta-Learning Objective

	Dynamic Center Distance Boundary Refinement
	Feature Extraction
	Uncertainty-Aware Region Decomposition
	Meta-Weighted Dynamic Centers
	Adaptive Boundary Weighting

	Unified Training Objective

	Experiments
	Experimental Settings
	Comparison with the State-of-the-Arts

	Discussion
	Module Ablation
	Impact of Meta-Learning Dataset Size
	Computational complexity analysis

	Conclusion
	Appendix
	Reproducibility statement
	Data Noise Injection Methods
	Overview of Label Corruption Strategy
	Noise Injection Pipeline
	Noise Level Calibration
	Corruption Rate Verification

	Online Approximation
	Theoretical Analysis
	Convergence of Meta-Learning Optimization
	Stability Analysis of Dynamic Center Distance
	Joint Optimization Convergence

	Numerical Stability and Complexity Analysis
	Numerical Stability of DCD Computation
	Computational Complexity Analysis



