
A Single Additional Dark-Field Image Reveals
Hidden Pathological Details

A programmable LED illumination source rapidly

switches between bright-field and dark-field modes

to acquire multimodal images. By integrating

complementary information through a physics-

guided deep neural network, the framework enables

high-fidelity supe

Hybrid bright-dark field computational

imaging enhances digital pathology

resolution
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-- Digital pathology relies on high-

resolution imaging for accurate cancer

diagnosis, yet high-magnification

systems remain slow and costly for

large-scale screening. Meanwhile,

standard AI super-resolution often

generates hallucinated cellular artifacts

that risk diagnostic accuracy. To

overcome this, researchers developed

a hybrid bright-dark field

computational framework using fast

LED illumination to provide physical

guidance. This physics-guided approach doubles spatial resolution, reduces reconstruction

artifacts by 84%, and boosts AI cancer screening sensitivity by 11.14%.

With the rapid development of medical imaging technologies and artificial intelligence, digital

pathology has gradually become an important tool for advancing modern precision medicine.

Whole-slide imaging (WSI) technology digitizes entire tissue sections through high-resolution

scanning, transforming traditional microscopic observation into digital images that can be

stored, analyzed, and shared. It provides a critical data foundation for disease diagnosis, tumor

detection, and intelligent pathological analysis.

In recent years, with the rapid advancement of artificial intelligence algorithms in medical

imaging, the importance of high-quality digital pathology images for improving computer-aided

diagnosis has become increasingly evident. However, high-resolution imaging typically relies on

expensive high-numerical-aperture (NA) optical systems, which suffer from slow scanning speeds

and high hardware costs. The trade-off between resolution and efficiency has become a key

bottleneck limiting the further development of digital pathology, particularly for large-scale
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pathological screening.

This bottleneck has been overcome by image super-resolution (SR) technology, which offers a

promising solution by computationally recovering high-resolution information from low-

resolution images. In recent years, deep learning-based single-image SR methods have achieved

rapid progress. However, the limited information contained in a single low-resolution image

often leads to fundamental challenges in reconstruction: regression-based approaches tend to

produce over-smoothed results with missing fine textures, while generative models can improve

visual quality but may introduce hallucinated artifacts. In pathological imaging, such artificial

cellular structures may directly affect diagnostic reliability, severely limiting the clinical

translation of conventional SR techniques.

Researchers have further developed reference-based SR (RefSR) methods to address the

insufficient information problem of single-image SR. By introducing additional image

information, these approaches provide auxiliary constraints for low-resolution image

reconstruction and have demonstrated promising performance in medical imaging and live-cell

imaging applications. Through integrating information from different imaging modalities, RefSR

methods can exploit multi-dimensional observations to improve structural recovery. However,

RefSR methods remain largely unexplored in digital pathology, and a key challenge lies in

obtaining physically meaningful information strongly correlated with pathological structures

while minimizing hardware modifications, thereby providing reliable prior constraints for SR

reconstruction.

To address the instability of conventional single-image SR methods caused by the lack of

effective physical constraints, a research team led by Professor Qian Chen and Professor Chao

Zuo at Nanjing University of Science and Technology, in collaboration with Professor Juergen W.

Czarske from TU Dresden, developed a novel digital pathology resolution enhancement method

that integrates hybrid bright-dark field imaging with physics-guided deep learning, termed the

Hybrid Bright-Dark Field Resolution Enhancement (HBDF-RE) framework. This work is made

available online on August 27, 2026, in the Early View section of Opto-Electronic Advances.

The method employs a programmable LED illumination system to rapidly switch between bright-

field and dark-field modes at each scanning position, acquiring a paired bright-dark field image

within approximately 1/15 second. "The dark-field image provides scattering and edge-sensitive

contrast as physical guidance, enabling the deep neural network to reconstruct high-resolution

images from low-NA bright-field observations with performance approaching high-NA imaging,"

explained Prof. Chen.

By incorporating multimodal feature fusion, spatial attention mechanisms, and spatial-frequency

joint constraints, HBDF-RE achieves high-fidelity reconstruction of cellular structures while

effectively suppressing over-smoothing and artificial textures. With only one paired bright-dark

field acquisition, the proposed method achieves approximately 2.1× spatial resolution

enhancement, producing high-quality digital pathology images comparable to high-NA imaging
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without complex hardware upgrades, while improving computational efficiency by approximately

11%.

In the experiments, the researchers first applied HBDF-RE to an AI-assisted cervical cancer

screening task. The results showed that the diagnostic sensitivity of the AI-assisted cervical

cancer screening model based on HBDF-RE-reconstructed images increased by 11.14%

compared with the original low-resolution images, with particularly significant improvements

observed in clinically ambiguous lesion categories. Furthermore, in downstream analysis tasks

such as gland segmentation, HBDF-RE reconstruction consistently outperformed existing

pathology resolution enhancement methods, demonstrating its potential to improve intelligent

pathology analysis and AI-assisted clinical diagnosis.

Furthermore, the researchers performed large-field SR reconstruction on human thymus tissue

WSIs. Although the original low-NA scanned images enabled rapid coverage of large tissue areas,

some nuclear boundaries and fine pathological structures remained unclear due to limited

resolution. By leveraging the complementary information provided by bright-field and dark-field

imaging, HBDF-RE successfully recovered fine tissue structures without requiring a high-

magnification objective, achieving substantial improvement in spatial resolution capability.

Compared with representative single-image SR methods, HBDF-RE further improved the peak

signal-to-noise ratio by approximately 3.2 dB and reduced reconstruction artifacts by

approximately 84%, demonstrating strong potential for large-scale digital pathology image

enhancement.

By integrating physics-informed constraints with deep learning-based computational

reconstruction, HBDF-RE leverages the complementary information provided by bright-field and

dark-field imaging to effectively enhance low-NA pathology images without requiring costly

optical upgrades. This approach overcomes the long-standing trade-off between resolution and

scanning efficiency in conventional digital pathology systems.

"While maintaining the advantages of rapid large-field imaging, HBDF-RE requires only one

additional dark-field acquisition at each scanning position, introducing minimal system

complexity while achieving cellular structural representation comparable to high-NA imaging

systems," remarked Prof. Chen.

In the future, combined with automated WSI platforms and real-time deep learning inference

acceleration, this method has the potential to integrate high-fidelity resolution enhancement

into routine pathology workflows, providing an efficient and reliable imaging tool for large-scale

cancer screening, precision pathological diagnosis, and AI-assisted clinical decision-making.
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