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Abstract. Brain tumor MRI segmentation is essential for clinical di-
agnosis and treatment planning. Although deep learning methods have
achieved significant progress, most models operate solely in the image do-
main and overlook the influence of k-space sampling on spatial structure
formation. This physical information gap often limits model generaliza-
tion when encountering varying scanning conditions across different clini-
cal centers. To address this issue, we propose SPHERE, Sampling-Prior
Harmonized rEconstruction-aware Representation 1Earning, a sampling-
aware framework for brain tumor MRI segmentation. SPHERE-Recover
estimates k-space sampling—related geometric parameters directly from
reconstructed MRI and transforms discrete scanning conditions into a
continuous deformation vector field (DVF) that represents sampling-
induced structural perturbations. Building on this prior, we develop
SPHERE-Seg and introduce a Deformation Prior Module (DPM) to
inject the DVF into feature modeling, enabling sampling-driven struc-
tural consistency learning. Experiments on BraTS and MSD show that
SPHERE improves segmentation accuracy, boundary stability, and cross-
dataset generalization. These results demonstrate that explicitly model-
ing MRI sampling mechanisms yields robust, generalizable, and efficient
brain tumor segmentation.

Keywords: MRI Segmentation - K-space Sampling - Deformation Vec-
tor Field - Sampling-aware Learning - Cross-dataset Generalization

1 Introduction

Magnetic Resonance Imaging (MRI) is widely used for brain disease diagno-
sis and treatment planning, where automatic segmentation plays an impor-
tant role in tumor delineation and lesion analysis [20,[27]. Recent deep learn-
ing methods have achieved strong performance on public datasets, particularly
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encoder—decoder architectures with long-range dependency modeling . Sub-
sequent studies further improved structural modeling using Transformer-based
networks and state space models such as Mamba . Notably, the sliding-
window attention of Swin Transformer [11] provides an efficient alternative to
flattening or four-directional scanning strategies .
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Fig. 1: Sampling-induced structural perturbations in MRI and their impact on seg-
mentation. (a) Perturbed sampling causes spatially non-uniform patterns and geomet-
ric distortions. (b) Accuracy—complexity comparison on BraTS and MSD, showing that
SPHERE achieves higher accuracy with fewer parameters.

MRI images are reconstructed by applying an inverse Fourier transform to
sampled k-space signals. Acquisition parameters such as sampling trajectory,
density, and phase-encoding order determine how spatial frequencies are pre-
served, often appearing as directional artifacts, edge blurring, and structural
distortions in the image domain . As a result, spatial structures are inher-
ently shaped by the sampling mechanism before entering the segmentation net-
work, and variations in sampling conditions may lead to different structural
representations (Fig. a)). However, most segmentation models implicitly as-
sume statistically consistent inputs, which often break under varying scanning
conditions and lead to reduced generalization [16].

A practical challenge is that most medical imaging datasets provide only
reconstructed images, while complete k-space sampling information is available
only in raw acquisition data. Without explicit sampling parameters, recovering
imaging mechanisms and converting them into structural priors for segmentation
remains largely unexplored. Recent studies suggest that MRI images implicitly
encode acquisition information, making it possible to recover sampling mecha-
nisms through learning |§|7

Motivated by these observations, we propose SPHERE (Sampling-Prior
Harmonized rEconstruction-aware Representation 1Earning), a sampling-aware
framework for brain tumor MRI segmentation. SPHERE recovers sampling mech-
anisms from MRI images and models sampling-induced structural perturbations
as deformation priors, harmonizing sampling-aware priors with feature represen-
tations to improve cross-dataset generalization (Fig. [I[b)).
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The main contributions of SPHERE are summarized as follows.

1. SPHERE-Recover. We propose a sampling parameter recovery method
supervised by raw MRI acquisition data. The model predicts k-space sampling
geometry directly from reconstructed MRI images. The recovered parameters
are further used to simulate sampling-induced artifact distributions and derive
a continuous deformation vector field (DVF), transforming discrete scanning
conditions into a computable structural perturbation prior.

2. SPHERE-Seg. We develop the SPHERE-Seg segmentation framework
with a Swin-RetNet backbone, which preserves local structural modeling while
enhancing long-range dependency modeling, enabling effective representation of
complex anatomical structures in high-resolution MRI.

3. Deformation Prior Module (DPM). We introduce DPM to inject the
sampling-induced DVF into the segmentation network. Through feature align-
ment and retention modulation, the model learns structurally consistent rep-
resentations and improves cross-dataset generalization under varying sampling
conditions.

2 Related Work

2.1 MRI Sampling and K-space Artifacts

MRI images are reconstructed from signals sampled in the frequency domain (k-
space), which corresponds to the Fourier representation of the image. Let 1(X;y)
denote the spatial-domain image and K(K; k,) its k-space representation:

Undersampled k-space Reconstruction

Spatial Domain Full k-space

Fig. 2: Illustration of MRI image formation from k-space sampling. The spatial-domain
image is transformed into k-space via Fourier transform. Undersampling in k-space
leads to aliasing artifacts in the reconstructed image.

K(kz: ky) = F1(XY)); (1)

where F () denotes the Fourier transform. In practical MRI acquisition, the
sampling process can be written as

y=U F); ()
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where X denotes the artifact-free image and U is a sampling operator deter-
mined by acquisition parameters (e.g., sampling density and phase-encoding
direction). When sampling is incomplete, the reconstructed image becomes

2=F 'UF(X) : (3)

Undersampling in k-space often produces structured artifacts, such as alias-
ing, blurring, and ghosting, which propagate along the phase-encoding direction
and degrade spatial structure representation [6,(17], as shown in Fig. 2| These
artifacts arise from discontinuous sampling patterns and insufficient sampling
density [30]. Variations in sampling parameters therefore introduce systematic
structural perturbations in reconstructed images, which can be interpreted as
implicit deformation fields widely used in medical image registration [13].

Most existing studies focus on reconstructing missing k-space measurements
or suppressing reconstruction artifacts using deep learning. In contrast, recov-
ering sampling mechanisms from reconstructed images and exploiting them as
structural priors for downstream vision tasks remains largely unexplored, espe-
cially in medical datasets that only provide reconstructed images (e.g., NIfTT or
PNG).

2.2 RetNet and Long-Range Structural Modeling

Transformers achieve global modeling via self-attention, but their quadratic com-
plexity with respect to sequence length limits their use on high-resolution medical
images. RetNet [26] introduces a retention-based sequence modeling framework
that maintains global dependency modeling with significantly lower computa-
tional cost [8].

The retention mechanism is formulated as

X
H; = D: » (Q:KHV;; (4)

i=1

where Q, K, and V are linearly projected features, D; ; models relative distances
through exponential decay, and  denotes element-wise multiplication.

However, applying sliding-window strategies to RetNet remains underex-
plored. Moreover, existing methods have not considered integrating physical
imaging priors, such as sampling-induced deformation fields, to improve robust-
ness under varying scanning conditions.

3 Method

The spatial structure of MRI images is influenced not only by anatomy but also
by the k-space sampling mechanism during acquisition. To model this physi-
cal prior, we propose the SPHERE segmentation framework (Fig. . SPHERE-
Recover(Fig. a)) first predicts sampling geometry parameters from reconstructed
MRI images using a lightweight model. The predicted parameters are then used
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Fig. 3: Overview of SPHERE. (a) SPHERE-Recover estimates MRI sampling pa-
rameters from reconstructed MRI images by combining spatial and frequency-domain
features. (b) The recovered parameters are used to simulate sampling-induced artifacts
and construct the deformation vector field (DVF) as a structural prior. (c) SPHERE-
Seg adopts a Swin-RetNet encoder—decoder architecture, where DPM modules inject
the DVF prior into multi-scale feature modeling. (d) The DPM module integrates DVF
information through feature alignment and retention modulation, enabling sampling-
aware structural representation learning.

to construct a sampling-induced deformation vector field (DVF) as a structural
prior(Fig. b)) During segmentation, the DVF is injected into multi-scale fea-
ture modeling through the SPHERE-Seg(Fig. [3c)) network and its core Defor-
mation Prior Module (DPM)(Fig. [3[(d)), enabling deformation-consistent struc-
tural representation.

3.1 SPHERE-Recover

The spatial structure of MRI images is influenced not only by anatomy but also
by the sampling mechanism during acquisition. However, common segmentation
datasets (e.g., NIfTI, PNG, or NumPy) do not provide sampling information. To
recover this missing prior, we use DICOM MRI data with complete acquisition
metadata to learn the sampling mechanism.

For each MRI image, we extract sampling-related parameters from the cor-
responding DICOM header:

= [Nf; Np; sy fous dphase]; (5)
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Table 1: MRI sampling parameters and their physical implications.

Param. DICOM Tag Physical Meaning Image Impact

N¢ AcquisitionMatrix (Col.) Frequency encoding dim. Resolution /7 blur

Np AcquisitionMatrix (PhaseSteps) Phase encoding dim. Directional details

Ps PercentSampling Sampling ratio Artifact strength

Pfov PercentPhaseFOV Phase FOV ratio Structural compression
dphase PhaseEncodingDirection Phase encoding dir. Artifact orientation

where the physical meaning and sources of each parameter are summarized
in Table 1

To recover sampling parameters directly from images, we design a lightweight
dual-branch model, SPHERE-Recover(Fig. [3(a)). The spatial branch uses a
ViT encoder to capture global structural representations, while the frequency
branch encodes the real and imaginary components of the 2D FFT using convolu-
tional layers. The two features are concatenated and passed through a multilayer
perceptron to predict the sampling parameters

During training, we adopt a joint regression and classification objective. For
continuous sampling parameters, we use a mean squared error loss:

I—reg = kAi zk2: (6)
i2C

where C denotes the set of continuous parameters. For the phase-encoding
direction dypqese, We use a cross-entropy loss:

>
I—cls = Yk IOg 9]6: (7)
k
The final objective is defined as
Ltraj = Lreg + Lcls; (8)

where balances the regression and classification terms. Through this train-
ing process, SPHERE-Recover can infer MRI sampling mechanisms directly from
reconstructed images, enabling estimation of scanning parameters even when DI-
COM metadata is unavailable for downstream segmentation tasks.

3.2 Sampling-Induced Artifact and Deformation Vector Field

The sampling parameters recovered from MRI images describe acquisition con-
ditions but cannot be directly used for segmentation modeling. Therefore, we
map the sampling mechanism into a continuous spatial perturbation field to ex-
plicitly characterize its impact on image structures, as shown in (Fig. (b)) and
Fig. [ Let the input image be

| 2RY W. 9)
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Fig. 4: Sampling-induced spatial structures. From left to right: original MRI image,
artifact magnitude, gradient-based deformation energy, and the resulting deformation
vector field (DVF), illustrating the geometric influence of the sampling process.

Given sampling parameters , the k-space sampling process can be written
as

r=F (M FQ)); (10)

where M denotes the sampling operator determined by the sampling dimen-
sions, sampling ratio, and phase-encoding direction. The reconstructed image I’
thus represents a structurally perturbed version of | induced by the sampling
mechanism. Based on the discrepancy between the original and sampled images,
we define the sampling-induced artifact distribution as

AR) =jI(x)  TX)j: (11)

To further characterize local structural variations, we compute the artifact
gradient energy

E(X) = krA(x)ks: (12)

Furthermore, the sampling-induced perturbation can be modeled as a con-
tinuous deformation between the original and sampled images. Let

() = x + D(x) (13)

denote the deformation mapping, where D(X) represents the displacement
vector at location X. The displacement field is obtained by minimizing brightness
consistency with a smoothness constraint:
Z Z
D = arg m[gn le(x) I (x))j%dx + , krD(x)k3dx: (14)

The resulting displacement field is referred to as the sampling-induced
deformation vector field (DVF). This structural prior will be injected into
the subsequent segmentation network to guide feature modeling. The deforma-
tion field estimated in this work is not intended to represent an exact physical
deformation caused by MRI acquisition.

In practice, k-space sampling artifacts may appear as aliasing, blurring,
or ghosting. However, segmentation is mainly affected by spatial consistency,
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boundary stability, and local structural changes. The DVF recovered by SPHERE
is designed to capture these segmentation-relevant variations.

3.3 SPHERE-Seg and Deformation Prior Module

In the segmentation stage, we construct a U-shaped encoder—decoder network,
termed SPHERE-Seg(Fig. [3(c). The network adopts a Swin-RetNet backbone
with a hierarchical structure similar to Swin Transformer. The input image is first
partitioned into local patches, and multi-scale representations are progressively
built through hierarchical feature extraction. Within each stage, local window
self-attention models fine-grained spatial structures, while the retention mecha-
nism captures long-range dependencies, enabling both local detail preservation
and global structural consistency in high-resolution MRI images.
Given an input MRI image I, the encoder extracts multi-scale features

F,2REC ™ G 1 =1:000 L (15)

To incorporate acquisition-related priors, we introduce the sampling-induced
deformation vector field (DVF) D(X) derived in Sec. 3.2 as a geometric prior.
The DVF is first downsampled to match the resolution of each feature scale:

D;(x) 2 Rt W 2 (16)

Accordingly, the deformation mapping is defined as

1(X) = x + Dy(X); (17)

where X denotes spatial coordinates in the feature map. This mapping de-
scribes local structural displacements induced by the sampling mechanism.

To explicitly incorporate this geometric prior into feature modeling, we in-
troduce a Deformation Prior Module (DPM) (Fig. [3(d))at the middle and
high stages of the encoder—decoder (Stage 2-4). First, DPM performs DVF-
guided spatial alignment:

FA() = W(Fi; )(x); (18)

where W () denotes a differentiable bilinear warping operator. This operation
resamples features according to the DVF, improving geometric consistency of
corresponding anatomical structures. The aligned features Fla" are also used
as enhanced skip connections for the decoder. We further inject deformation
information into cross-region feature aggregation. Let

M (x) = KD(x)k» (19)

denote the magnitude of the DVF, and M;(X) its scale-specific version. The
retention update is formulated as

F/*=(QK") R)V; (20)
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where Q, K, and V denote query, key, and value projections of ', and
denotes the Hadamard product. R is the retention weight matrix de ned as

Ri(p)= P + h(M (x); (21)

where d(x; p) denotes the spatial distance function. The rst term corre-
sponds to the distance-based decay in RetNet, while the second term modulates
the retention strength using the DVF magnitude. This design enhances struc-
tural consistency modeling in regions with signi cant deformation.

Finally, DPM fuses the updated features through a residual connection:

FO=Fi+ F [, (22)

where is a learnable parameter. The resulting features i are then propa-
gated through subsequent encoder and decoder stages.

Notably, SPHERE does not rely on DICOM metadata during inference.
Given reconstructed MRI images (e.g., PNG, NPY, or NIfTl), the SPHERE-
Recover module predicts sampling parameters and generates the corresponding
deformation prior, which guides SPHERE-Seg for robust cross-dataset segmen-
tation.

4 Experiments

4.1 Dataset

To learn MRI sampling mechanisms, we use the DICOM-based MRI of the Brain
to Recognize Pathologies dataset [28], which provides complete acquisition meta-
data. For each image, the sampling parameter vector

=[N ¢;Np; s fov;Ophasel (23)

is extracted from the DICOM header and used to supervise the training of
the SPHERE-Recover module.

Table 2: Datasets used in this study.

Dataset Type Slices Modalities
MRI BRP .dicom 351 T1/T2
BraTS-2019 nii 51925  T1/Tlce/T2/FLAIR

BraTS-2023 .nii 193905 T1/T1lce/T2/FLAIR
MSD-Task01 nii 75020 T1/T1Gd/T2/FLAIR

Segmentation experiments are conducted on the BraTS and MSD datasets.
BraTS-2019 and BraTS-2023 [3,4,22] provide multi-modal MRI scans (T1, Tlc,
T2, and FLAIR) with annotations for enhancing tumor (ET), tumor core (TC),
and whole tumor (WT). MSD-Task01 (Brain Tumor) [2, 25] follows a similar
setting but labels ET as class 3.
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All datasets are split into training and testing sets with a ratio of 8:2 by
cases. Data preprocessing follows the nnUNet 2D pipeline [1,14]. Detailed dataset
statistics are summarized in Table 2.

4.2 Implementation Details

Our framework is implemented in PyTorch and trained on an NVIDIA RTX
2080Ti GPU. For SPHERE-Recover, we use an ImageNet-1K pretrained ViT-
B/16-224 with 768-dimensional features and ne-tune it on the DICOM dataset
for regression. All experiments are repeated three times and the average results
are reported. Segmentation performance is evaluated using the Dice coe cient
and Hausdor 95 distance. The loss function is a weighted combination of Dice
loss and binary cross-entropy (BCE) loss with a ratio of 2:8. All models are
trained for 300 epochs using the Adam optimizer with an initial learning rate of
1 10 3 and early stopping with a patience of 50 epochs.

All models are trained on BraTS 2023 and evaluated on BraTS 2023, BraTS
2019, and MSD Task01 to assess both segmentation accuracy and cross-dataset
generalization.

4.3 Evaluation Metrics

We evaluate SPHERE from three aspects: segmentation accuracy, sampling-
parameter recovery, and deformation-prior consistency.
For segmentation, we report the Dice coe cient and the 95% Hausdor dis-
tance (HD95). Dice measures region overlap:
2TP

Dice = S p +FP+EN (24)

where TP, FP, and FN denote true positives, false positives, and false negatives.
HD95 measures the 95th percentile of the bidirectional surface distance between
predicted and ground-truth boundaries:

HD95(A; B) = max Sarg% d(Sa; S(B)); S[r;gé) d(Sp; S(A) (25)

where S() denotes boundary points and d() is the minimum point-to-set dis-
tance.

For sampling-parameter recovery, we report MAE, RMSE, and MedAE in
the normalized parameter space. For ratio parameters, MAPE is additionally
used, while parameters with physical units are denormalized and evaluated by
Phys-MAE.

For deformation-prior consistency, we compare the predicted DVF with the
DVF generated from ground-truth sampling parameters. Given the ground-
truth and predicted displacement elds (u; v) and (&; ¢), we compute vector- eld
L1/L2 errors, magnitude errors (Mag-L1/Mag-L2), and SSIM on DVF magni-
tude maps.
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