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Supplementary Material

1. Dataset Details

1.1. Details in Public Datasets

We employed the HER2 [1], ST-data [3], and DLPFC [4]
datasets for cross-validation of our model. The ST-data
dataset comprises 23 breast cancer histopathological sam-
ples, each consisting of 2 or 3 adjacent layers with a thick-
ness of 16 pum. The HER2 dataset includes 8 samples con-
taining 6 or 3 adjacent layers, while the DLPFC dataset
features 3 samples, each composed of 4 directly adjacent
10 um consecutive tissue sections from the human dorsolat-
eral prefrontal cortex. All whole-slide images (WSIs) were
scanned at 10x magnification.

To ensure the accuracy of 3D sample-level information,
we excluded 7 samples from the ST-data dataset due to
suboptimal registration quality. Figure 1 provides detailed
information about each sample used in the three datasets,
along with their summarized profiles.

1.2. Multi-resolution Patches and Gene Selection

We extracted patches at multiple resolutions, specifically at
the spot level, region level, and global level, by cropping the
images to sizes of 224 x 224, 512 x 512, and 1024 x 1024
pixels, respectively. The relationships between patches
across different resolution levels were established by ana-
lyzing their spatial overlaps, ensuring consistent alignment
across scales. Detailed information on the multi-resolution
patches, including their distribution and characteristics for
each public dataset, is presented in Figure 1.

To determine the ground truth values for the region and
global levels, y, and y,, we aggregated the spot-level gene
expression values within their respective region and global
areas. This process is mathematically expressed as:
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Here, y,; denotes the gene expression value at the i-th
spot, R represents the set of spots within a specific region,
and G denotes the set of spots within the global area. This
approach ensures a consistent representation of gene ex-
pression across multiple spatial levels.

Following the methodology outlined in ST-Net [3], we
selected the top 250 genes with the highest average expres-
sion for prediction. Figure 3 provides details of the selected
genes and the corresponding codes for each dataset.

2. Implementation Details

2.1. Data Augmentation

To improve the model’s generalization ability and ensure
consistency across all experiments, we implemented a stan-
dardized data augmentation strategy. This approach in-
cluded random horizontal and vertical flips to simulate vari-
ations in image orientation, random 90-degree rotations to
enhance rotational invariance, and final normalization to ad-
just pixel values to align with the standard distribution used
by pretrained models (mean [0.485, 0.456, 0.406] and stan-
dard deviation [0.229, 0.224, 0.225]).

2.2. 3D Global Alignment

We utilized Xfeat [6] for feature extraction and ANTSs [7]
for WSI-level image registration. Figure 2 visualizes the 3D
global alignment results and the aligned spots for a 6-layer
sample. To achieve this, we extracted geometric transfor-
mation parameters between images (scaling, rotation, and
translation), generated inverse affine matrices for each im-
age relative to the reference image, and combined multi-
ple transformation matrices through matrix multiplication
to ensure effective transmission of registration information
across different layers.

The middle image was designated as the reference image
and left untransformed, serving as the baseline, and directly
saved to the reconstruction directory to minimize accumu-
lated computational errors. During the registration process,
transformations were applied recursively: forward for im-
ages preceding the middle image and backward for those
following it, completing a bidirectional registration work-
flow. To accelerate the process, the symmetric normaliza-
tion algorithm was employed using 8 threads.

Following the completion of the 3D WSI global align-
ment, we performed the 3D spot-level alignment. For each
spot in the original image, circles with a radius of 112 pixels
were drawn, and 100 points were plotted within each circle.
Using the transformation matrices derived from the global
alignment, these circles were aligned at the spot level to
identify cross-layer spot overlap information. This overlap
data was subsequently utilized to construct the 3D sample-
level graph by establishing connections between spots.

2.3. Implementation Details for Baselines

To ensure a fair and consistent comparison between the
baseline methods and our proposed ASIGN framework, we
made minimal yet necessary adjustments to the implemen-
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Figure 1. Profile of public datasets. This figure provides an overview of the profiles and the distribution of multi-resolution patches
extracted from the HER2, DLPFC, and ST-Data datasets across multi-layer sample levels.

tation of certain baseline models. These modifications were
carefully designed to align input sizes, feature extraction
strategies, and imputation methods across all models, ensur-
ing that performance differences could be attributed solely
to the respective methodologies rather than inconsistencies
in the experimental setup.

For HisToGene [5] and His2ST [10], which originally
utilize spot images of 112 x 112 pixels, we resized all im-
ages to a fixed size of 224 x 224 pixels to ensure consistent
input dimensions across models.

For EGN [9], we replaced the originally used GAN-
based encoder with a pretrained ResNet50 as the feature
extractor, ensuring a consistent feature extraction strategy
across all baseline models. In line with the original EGN
implementation, we selected the 8 most similar exemplars
for each spot for training.

For BLEEP [8], we utilized the CLIP model as the back-
bone and applied the simple average strategy proposed by
BLEEP to compute the mean gene expression values of the
top 50 nearest spots, which served as the imputation predic-
tion result.

For the 3D Sample-level Similarity-based Imputation,
we calculated the mean gene expression values of the top
20 nearest spots for each spot. This approach ensured a fair
comparison with our proposed ASIGN framework by main-

taining the same number of reference spots for imputation.

Additionally, we applied the data augmentation strategy
described in the previous section uniformly across all mod-
els to ensure consistency in data preprocessing. During
training, each model was trained until convergence, which
was defined as the point where the loss stabilized and no
longer exhibited significant changes over successive itera-
tions.

2.4. Implementation Details for ASIGN

In our implementation of the proposed ASIGN frame-
work, we utilized a pretrained ResNet50 to extract 1024-
dimensional features from patches at multiple resolutions.
A 3-layer GAT block was employed, with the output of each
layer passed through a corresponding transformer layer.
The features refined by each transformer layer were then
weighted and aggregated to generate the final feature repre-
sentation, which was subsequently fed into a linear layer to
produce the model’s prediction.

For each spot, we selected the top 12 nearest spots to
establish edges and construct a 2D WSI-level graph. The
edge weights were defined as the inverse of the Euclidean
distance between the centers of the connected spots.

In 3D partially-known scenarios, we designated the first
layer of each sample as the known layer for the experiments.
For the label propagation block, we performed 10 iterations
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Figure 2. Visualization of 3D global alignment. This figure illustrates the 3D global alignment results for a 6-layer sample, showcasing
both WSI-level and spot-level alignments. The red circles on the patches represent the spots following 3D global alignment.

to ensure that all unknown nodes were adequately covered
while avoiding over-propagation, which could lead to label
homogenization and diminish prediction accuracy. Finally,
an adaptive weighting mechanism was employed to com-
bine the model’s prediction results with the imputation re-
sults, producing the final spot-level prediction outputs that
effectively leverage both direct predictions and inferred in-
formation.

3. Additional Experimental Results

3.1. Computational Costs

ASIGN has 59.45M parameters. We evaluated computa-
tional cost at three scales (batch size = 128) and measured
runtime on HER2, summarized in Tab. 1. We iteratively
process spot-level subgraphs instead of the entire graph
and update only spot-level encoder parameters to minimize
computational costs.

Table 1. Computational costs of ASIGN during training.

Patch Size (px) GPU Memory (GB) Runtime/epoch (s) GFLOPs
112x112 7.438 34.76 730.08
224x224 24.68 45.14 2056.61
512x512 113.9 113.89 10617.96

3.2. Analysis of Hyperparameter

A detailed analysis of hyperparameters, including node con-
nection numbers and loss function (shown in Tab. 2) is pro-
vided. Increasing inter- and cross-layer connections for
each node improves performance until convergence. Con-
sistency constraint loss across multiresolutions enhances
predictions, but excessive weights (A1, A2) introduce addi-
tional noise, degrading performance. Proper tuning ensures
an optimal balance in optimization.



Table 2. Analysis of hyperparameter tuning.

HER2 Inter-layer Cross-layer MSE MAE PCC

4 4 0.479 0.536 0.667

Connections 4 8 0.465 0.526 0.675
8 16 0.397 0.488 0.702

HER2 M A& A MSE MAE PCC
0.25 0.75 0.515 0.556 0.654

Loss Function 0.75 0.25 0.436 0.514 0.671
0 0.46  0.526 0.666

1 0.5 0.408 0.496 0.696

Ours setting 8& =1 12& A, A2=0.25 0.363 0.473 0.693

3.3. Comparison with TRIPLEX

TRIPLEX [2] is a recently proposed method that effec-
tively utilizes multi-resolution information to generate ac-
curate gene expression predictions. However, due to space
constraints, a detailed comparison of TRIPLEX with our
proposed ASIGN framework is not included in the main
text.

In this section, Table 3 provides a comprehensive com-
parison of these methods. The experimental results, evalu-
ated across three key metrics, consistently demonstrate the
superior performance of our 3D ASIGN framework. By
leveraging 3D sample-level information and a cross-layer
label imputation strategy, ASIGN achieves significant im-
provements in all three metrics and outperforms all other
baseline methods consistently.

Table 3. Quantitative comparisons between ASIGN and TRIPLEX

Dataset Model MSE MAE PCC
TRIPLEX [2] 0.592 0.591 0.450

HER2 [1] ASIGN 2D  0.579 0.590 0.476
ASIGN3D  0.363 0.473 0.693

TRIPLEX [2] 0.645 0.621 0.766

DLPFC [4] ASIGN 2D  0.275 0411 0.766
ASIGN3D 0.353 0458 0.773

TRIPLEX [2] 0.627 0.621 0.553

ST-Data [3] ASIGN 2D  0.528 0.566 0.552

ASIGN 3D  0.332 0.459 0.739

3.4. Additional Ablation Study on Public Datasets

In this section, we provided the experimental results of abla-
tion studies on the ST-Data and DLPFC datasets, which are
not included in the main text due to space limitations. These
experiments assess the contribution of each functional mod-
ule in our proposed 3D ASIGN framework and examine the
effects of varying known label proportions on gene expres-
sion prediction. The results, shown in Table 4 and Table 5,
reveal a consistent trend across all datasets, mirroring the

findings from the HER?2 dataset. This consistency under-
scores the complementary benefits of each functional block,
enabling ASIGN to deliver optimal performance when all
modules are integrated.

Table 4. Ablation study on DLPFC Dataset

Ablation Study MSE MAE PCC
w.0 GAT & Cross-atten  0.405 0.497 0.767
w.o Cross-atten 0.364 0470 0.770
w.0 GAT 0.368 0.475 0.768
w. Both blocks 0.353 0.458 0.773
w. 0% (w.o CLI) 0.420 0.503 0.770
w. 10% 0.402 0.494 0.772
w. 20% (ASIGN) 0.353 0.458 0.773
w. 30% 0.278 0.416 0.767
2D WSI-wise 0.275 0.411 0.766
3D Sample-wise 0.420 0.503 0.770

Table 5. Ablation study on ST-Data

Ablation Study MSE MAE PCC
w.0 GAT & Cross-atten  0.541 0.571 0.706
w.o Cross-atten 0472 0.535 0.710
w.o0 GAT 0.451 0.528 0.708
w. Both blocks 0.332 0459 0.739
w. 0% (w.o CLI) 0.485 0.545 0.604
w. 10% 0.406 0.499 0.708
w. 20% (ASIGN) 0.332 0.459 0.739
w. 30% 0.329 0.458 0.741
2D WSI-wise 0.528 0.566 0.552
3D Sample-wise 0.485 0.545 0.604
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Genes to be predicted
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Figure 3. Genes selection in each public dataset. This figure showcases the top 250 genes with the highest expression levels or their
corresponding codes for each public dataset utilized in this task.
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