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Introduction

Anatomical information is crucial in marine biology research. Traditionally, destructive techniques, such as slice imaging of the sample, are used to image the inside of the sample, which are unsuitable for valuable or rare specimens. While energy-integrating detectors computed tomography (CT) can provide non-invasive anatomical information, it suffers from limitations such as low spatial resolution, high noise, and an inability to analyze material composition.





Methods

Photon-counting (PC) micro-CT offers a promising alternative, enabling noninvasive imaging of both internal and external structures of marine organisms. Various species, including bivalves, conchs, and fish otoliths, were scanned using this advanced technology. The influence of different tube voltages on image quality is analyzed in this paper.





Results

One of the key capabilities of PC micro-CT is the reconstruction of virtual monoenergetic images and material decomposition, which has been tested. To further enhance soft tissue visualization, iodixanol solution was employed for contrast imaging.





Discussion

PC micro-CT provides high resolution both in non-contrast images and iodixanol-contrast images which digestive tracts and glands can be seen. Material decomposition of fish otoliths revealed the characteristic wheel-shaped distribution of calcium content. PC micro-CT has the potential ability for imaging marine organisms and promising future in broader utilization in marine biological research.
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1 Introduction

The ocean covers approximately 70% of the Earth’s surface and contains a wide variety of organisms, with more than 200,000 marine species found so far. In recent years, many studies have focused on the spatial and temporal distribution of marine organisms, and the anatomical characteristics of marine organisms are one of the important factors (Whitman et al., 1998; Tittensor et al., 2010; Hatton et al., 2021). In the classification tasks, reliably capturing and recording the true three-dimensional imaging of organisms is essential (Metscher, 2009; Vasileiadou et al., 2024). Accurate three-dimensional imaging of marine organisms is also indispensable in the study of its morphology (Naleway et al., 2016; Putnam et al., 2017).Therefore, detailed internal and external anatomical features of marine organisms can provide reliable evidence for most marine biology studies. However, due to the large differences in anatomical features among various species and the detailed and complex internal structures, it is difficult to capture detailed features. Therefore, how to carry out accurate three-dimensional visualization of marine organisms is a major challenge.

In 3D imaging, the primary goal is to represent both the external texture of the sample and its internal structure, which cannot be directly observed. Imaging the internal structure of opaque samples presents a significant challenge. Before X-ray computed tomography was widespread, samples were often sliced and viewed under an optical or electron microscope (Maeno et al., 2019). However, this method is not suitable for rare specimens such as fossils, and the preparation of the samples is labor-intensive and technically difficult. To address these issues, X-ray computed tomography (CT) has emerged as a non-destructive alternative (Lukeneder, 2012). In CT imaging, X-ray sources and detectors rotate around the sample to capture projected data from multiple angles (Boistel et al., 2011). The CT images have been reconstructed using some algorithms, allowing researchers to view the internal structure of the organism without damage. CT has certain limitations in soft tissue imaging, so contrast imaging is usually used in biological and medical imaging (Metscher, 2009; Degenhardt et al., 2010). Often high number compounds, such as barium sulfate (Caron et al., 2023), gadolinium (Cockman et al., 2006), gold nanoparticles, and iodine (Lee et al., 2014), can be used as contrast agents. These materials enhance tissues and structures that would otherwise be indistinguishable, making them essential tools in bioimaging research. Energy-integrating detectors CT (EID CT) suffers from limitations such as low spatial resolution, high noise, and an inability to analyze material composition, because of its disability in detecting single photon energy.

Photon-counting CT (PCCT) leverages the advantages of photon-counting detectors (PCDs) to significantly enhance imaging performance. By directly counting and measuring individual photon energies, PCDs improve spatial resolution by filtering out low-energy photons, effectively reducing electronic noise and enhancing the visualization of fine details (Shikhaliev, 2005). Additionally, PCCT improves density resolution by enabling the reconstruction of virtual monoenergetic images (Flohr et al., 2020). Since tissues and materials absorb X-rays differently across energy ranges, this capability optimizes contrast for tissues with similar densities. Compared to energy-integrating detector (EID) CT, PCCT can achieve the same image quality with fewer X-rays, indirectly reducing radiation dose (Lundqvist et al., 2001). Moreover, it facilitates material decomposition and quantitative analysis of elements such as iodine and calcium, which is particularly valuable for contrast imaging (McCollough et al., 2023). Its ability to perform multi-contrast imaging in a single scan further enhances its versatility. For instance, when a mixture of iodine and calcium is injected, PCCT can separately reconstruct water, iodine, and calcium maps for further analysis (Richtsmeier et al., 2020).

In this study, the newly developed PC micro-CT was used to investigate various marine organisms and examine the imaging performance of different protocols, including spatial and density resolution. In addition, virtual monoenergetic images were reconstructed for certain samples, enabling detailed quantitative analysis of noise levels, signal-to-noise ratio (SNR) and contrast noise ratio (CNR) over different energy ranges. In order to improve the density resolution, iodixanol immersion imaging was applied to obtain a higher quality imaging. Three-dimensional reconstructions of selected samples were generated, offering a more intuitive and detailed visualization of the internal structures of marine organisms.




2 Materials and methods



2.1 Specimen sampling

Ten different kinds of marine organisms were collected for PC micro-CT scanning, and each sample was randomly selected to ensure the reliability of data. These species include: Ruditapes philippinarum, Pectinidae, Strombus canarium, Turritella, Venus verrucosa, Ruditapes lusoria, Sinonovacula constricta, Conus, Meretrix lusoria, and Otolith. These species were selected to represent a diverse array of marine organism forms, encompassing various classes and providing a comprehensive view of their structural variations, including soft tissues and shells. These marine organisms were collected from Sanya, Hainan, China (18°09′34″–18°37′27″ N, 108°56′30″–109°48′28″ E) in March–April 2024. All samples were rinsed with water to remove surface debris. After cleaning, some samples were dried and scanned directly, while others underwent iodine contrast imaging (with the staining process detailed in Section 2.6). As CT is a non-invasive imaging technique, these procedures did not cause any structural damage to the samples.




2.2 Photon-counting micro-CT system

The developed PC micro-CT (PCD MicroCT, United Imaging Life Science Instrument, China) is mainly composed of tube with micro-focus radiation source, a collimator, a photon counting detector, a gantry mechanical system and a console Personal Computer. The scanning sample is positioned between the tube and the detector, where the beam rotates around the sample to collect projection data from different angles. Following numerical correction, geometric correction and image reconstruction are performed using the commercial toolbox from United Imaging Life Science Instrument. Figure 1 shows the system of PC micro-CT.




Figure 1 | Photon-counting micro-CT system.



PC micro-CT offers ultra-high spatial resolution of up to 11 microns and provides greater tissue contrast than EID micro-CT. It can detect a 20-micron target even when the contrast between the target and background is only 10%. In practical applications, micro-CT is widely used for imaging laboratory mice, enabling detailed bone microstructure analysis (Yu et al., 2022) and tumor imaging (Li et al., 2024). Its high imaging speed allows a full 360-degree projection in just 6 seconds, with an angular resolution of 0.1 degrees, making it suitable for lung and heart imaging in mice. Iodine contrast imaging is another common application, providing sufficient resolution to visualize cerebral blood vessels (Ghanavati et al., 2014), including the circle of Willis. Given the superior imaging performance of PC micro-CT, this study employed it to image marine organisms.




2.3 Scan protocol and reconstruction

The PC micro-CT system includes three commonly used animal chambers: an ex vivo chamber, a mouse chamber, and a rat chamber. These support three field-of-view (FOV) sizes—20 × 20 mm, 35 × 35 mm, and 100 × 100 mm—which are adjusted by modifying the distances between the X-ray source, rotation center, and detector. The corresponding minimum detectable object sizes are 11 µm, 23 µm, and 53 µm, respectively. For imaging marine specimens, we selected the 35 × 35 mm FOV based on sample size and resolution requirements.

Key imaging parameters, including tube voltage, additional filtration, and exposure time, must also be configured. Tube voltage and filter type determine the X-ray energy distribution. Higher tube voltage increases the average photon energy, enabling penetration of denser materials. Thicker and denser filters shift the X-ray spectrum toward higher energies by removing low-energy photons, which helps reduce radiation dose and minimize noise caused by low-energy X-rays. Exposure time and the number of projections per rotation influence the system’s effective tube current. Longer exposure times result in greater X-ray output, more projection data, and reconstructed images that better approximate the actual structure.

Beyond these conventional imaging parameters, the photon-counting detector allows energy threshold settings, classifying detected X-ray photons into high- and low-energy categories to reconstruct separate high- and low-energy images. Given the interdependence of various parameters, the system provides preset imaging protocols, each comprising a specific combination of settings. In this study, we used three protocols: H_HighResolution_60kV, H_SoftTissue_80kV, and H_HighDensity_100kV, with detailed parameters listed in Table 1.


Table 1 | Photon-counting micro-CT scan protocols.






2.4 Monoenergetic images and material decomposition

Post-processing was conducted using in-house developed Micro-PCCT Toolkit on a dedicated workstation. The photon-counting detectors in the system allow for the simultaneous recording of both high- and low-energy photons during a single exposure, with user-defined energy thresholds. This capability enables the reconstruction of not only the total-energy image but also separate high- and low-energy images.

By scanning an object with two distinct energy thresholds, materials with different effective atomic numbers can be differentiated, as the same object exhibits varying CT values in high- and low-energy images. Material decomposition is performed based on these images, allowing the presentation of the image as a combination of two basic materials, thus creating maps such as iodine and water maps or calcium and water maps.

The results of material decomposition provide energy-independent information, which can be used to generate synthetic monoenergetic images—also known as virtual monoenergetic or virtual monochromatic images. These images simulate the appearance of a CT scan performed with a true monoenergetic photon source, such as a synchrotron X-ray source (McCollough et al., 2020). High- and low-energy images each offer specific advantages; for instance, soft tissues exhibit higher density resolution in low-energy images, whereas high-density materials, such as shells, are better resolved in high-energy images.

Pectinidae specimens were scanned using a PC micro-CT system under the H_SoftTissue_80kV protocol. The energy threshold of the photon-counting detector was set at 15 keV, with a low-energy window of 15–30 keV and a high-energy window above 30 keV. Monoenergetic images were reconstructed at 20, 40, 60, 80, 100, and 120 keV using the in-house developed PC Micro-CT Toolkit. Regions of interest (ROIs) were selected from high-density (shell) and low-density (soft tissue) regions to quantitatively compare the monoenergetic images with the polychromatic image.

To demonstrate the advantages of PC micro-CT, the same Otolith specimen was imaged using both PC micro-CT and an EID micro-CT system (uCT 788, United Imaging Life Science Instrument, China). For PC micro-CT, additional reconstructions were performed, including a monoenergetic image at 100 keV and calcium decomposition imaging. For EID micro-CT, the specimen was scanned using the C_Abdomen_CMOS protocol, with a tube voltage of 80 kVp and a 0.5 mm Al filter. Representative images from the four imaging modalities were selected, and CT value histograms were generated for quantitative comparison. These histograms were used to analyze differences between the imaging techniques.




2.5 Quantitative analysis of CT image

Representative images of various species at different tube voltages were selected for CT value analysis. A line profile along the x-axis of each image was extracted to quantitatively assess the CT values of both soft tissues and shells across the different tube voltages.

After reconstructing the monoenergetic images, several key parameters were measured to quantitatively evaluate image quality and facilitate comparison between virtual monoenergetic images. These parameters include image noise, signal-to-noise ratio (SNR), and contrast-to-noise ratio (CNR). A circular region of interest (ROI) was placed in both soft tissues and shells at three consecutive slices at the center of each component, avoiding partial volume artifacts. Image noise was defined as the standard deviation of CT values within the ROI (i.e., SDROI). The definitions of the three parameters are as follows (Cruz-Bastida et al., 2019; Rajagopal et al., 2021; Wang and Pelc, 2021):

 

 

 

where CTm refers to mean CT value of ROI, SDm refers to standard deviation of CT value of ROI, CTw refers to CT value of background, SDw refers to standard deviation of CT value of background.




2.6 Iodine-stained marine organisms imaging

Due to the lack of inherent contrast in soft tissue imaging, high atomic weight contrast agents, such as iodine-based agents, are commonly used in CT scans, particularly in clinical practice. To enhance soft tissue contrast, a higher concentration of iodixanol solution is often employed in clinical CT imaging. A 320 mg/mL iodixanol solution (Aladdin®) was used to immerse various marine organisms, based on concentrations commonly applied in clinical practice, with the aim of revealing finer details within soft tissue structures. The immersion durations were 1, 12, 24, and 36 hours. Additionally, material decomposition and virtual monoenergetic reconstruction were applied to images with higher imaging quality.





3 Results



3.1 Imaging performance of some marine organisms in PC micro-CT

Figure 2 shows some of the investigated marine organisms, including (A) Ruditapes philippinarum, (B) Pectinidae, (C) Strombus canarium, (D) Turritella, (E) Venus verrucosa, and (F) Ruditapes lusoria. Figure 2 shows the photos, scout images, and CT images of the corresponding species from left to right. In CT images, the shell, soft tissue, and air of the sample are clearly distinguishable. The hinge, which connecting the two valves of bivalves, appears as a distinct dividing line in the CT images of Ruditapes philippinarum (Figure 2A) and Venus verrucosa(Figure 2E). Quantitative analysis shows that the minimum detectable hinge clearance width is about 0.8 mm. The imaging of snails, such as Turritella (Figure 2D), has excellent resolution that the spiral structure is particularly clear. In addition to the internal structure, the high resolution of the tomographic images captures external textures, such as the fine patterns on the Ruditapes lusoria’s shell (Figure 2F). These results highlight the effectiveness of PC micro-CT in revealing the internal and external features of marine organisms with remarkable detail.




Figure 2 | Representative images of (A) Ruditapes philippinarum, (B) Pectinidae, (C) Strombus canarium, (D) Turritella, (E) Venus verrucosa, and (F) Ruditapes lusoria. (Left to right: photographs, CT scout images, CT images from photon-counting micro-CT, and detailed reconstructions with high resolution).



To evaluate the optimal scanning protocol for imaging marine organisms, this study evaluated three different protocols by imaging the same species under varying tube voltage conditions. The images, presented in Figure 3, indicate that higher tube voltages effectively reduce beam hardening artifacts and enhance image resolution. For soft tissue, the 80 kVp protocol provides superior contrast resolution. The last column of Figure 3 displays the Hounsfield unit (HU) profile along the X-axis of the image. At 60 kVp, the HU variation between the shell and soft tissue reaches 9000. As the tube voltage increases, this variation gradually decreases. Additionally, a variation in the average HU values of the shells in samples Sinonovacula constricta and Strombus canarium is observed, with values of 9000 HU and 8000 HU, respectively, under 60 kVp.




Figure 3 | Examples of 2D reconstructions of (A) Sinonovacula constricta, (B) Conus, (C) Meretrix lusoria, and (D) Strombus canarium. The images include scout images, CT images at 60, 80, and 100 kVp, and profiles of CT numbers along the x-axis, presented from left to right. The CT images at three different tube voltages were extracted from the same region in the scout image (indicated by yellow lines). The CT number profiles along the x-axis were obtained from the same line in the CT images (also marked by yellow lines).






3.2 Imaging performance of monoenergetic images

PC micro-CT leverages the photon energy discrimination capabilities of photon-counting detectors to enable virtual monoenergetic imaging. Figure 4 illustrates the virtual monoenergetic reconstructions spanning energies between 20 and 120 keV, while the quantitative analysis results are shown in Figure 5.




Figure 4 | Virtual monoenergetic imaging results of Pectinidae obtained using photon-counting micro-CT, presented from (A–F): 20, 40, 60, 80, 100, 120 keV.






Figure 5 | Quantitative results of virtual monoenergetic imaging of Pectinidae obtained using PC micro-CT. The mean HU of soft tissue (A) and shell (B), the noise level of soft tissue (C) and shell (D), the SNR for both tissues (E), and the CNR between soft tissue and shell (F) are presented. The blue dotted line represents the corresponding values derived from the full-energy image of the PC micro-CT.



The average CT value of soft tissue (Figure 5A) was measured at 231.1 HU for the polyenergetic reconstructions (dashed blue line solid) and varied from 42.0 to 647.6 HU for the virtual monoenergetic images (line with dots). Similarly, the average CT value of shell (Figure 5B) was 3059.1 HU for the polyenergetic reconstructions, ranging from 2323.7 to 4504.5 HU for the virtual monoenergetic images. Notably, the densities of both soft tissue and shell decrease with increasing energy, with values approximating those of the full-energy images at a virtual monoenergetic energy of 40 keV.

The noise levels in the soft tissue ROI (Figure 5C) averaged 142.9 HU for the polyenergetic reconstructions and ranged from 147.0 to 372.9 HU for the virtual monoenergetic images. For the shell ROI (Figure 5D), the average noise level (Equation 1) was 2363.4 HU for the polyenergetic reconstructions, ranging from 2026.2 to 2942.9 HU in the virtual monoenergetic images. The noise levels in both regions followed a trend of initial decrease, reaching a minimum around 40 keV, and then increasing as monoenergetic energy rose further.

Regarding image quality metrics, the average SNR in the soft tissue ROI (Figure 5E) was 1.6 for the polyenergetic reconstructions, ranging from 0.23 to 1.86 for the virtual monoenergetic images. In the shell ROI, the SNR averaged 1.3 for the polyenergetic reconstructions and ranged from 1.79 to 2.08 for the virtual monoenergetic images. For CNR (Figure 5F), the average value was 1.2 for the polyenergetic reconstructions, spanning from 0.77 to 1.78 for the virtual monoenergetic images. Both SNR (Equation 2) and CNR (Equation 3) exhibited a decreasing trend beyond 30 keV, indicating a trade-off between resolution and energy level in virtual monoenergetic imaging.




3.3 Comparison between PC micro-CT and energy-integrating detector micro-CT

To compare the imaging performance of PC micro-CT and energy-integrating detector micro-CT (EID micro-CT), the same otolith specimen was scanned using both systems, resulting in four distinct image types. The grayscale histogram of a full-energy image obtained from PC micro-CT (Figure 6A) ranged between 5215 HU and 10149 HU, with an average CT value of 7719.8 HU. Based on the image obtained from PC micro-CT, a calcium map (Figure 6B) was reconstructed, yielding an average calcium density of 1692.4 mg/ml, ranging from 1080.8 to 2629.5 mg/ml. The calcium content within the otolith gradually decreases from the periphery toward the center. Additionally, a monoenergetic image reconstructed at 100 keV (Figure 6C) ranged from 1677 to 6835.8 HU, with an average of 4427.4 HU. An image acquired using EID micro-CT (Figure 6D) ranged from 3237 HU to 14019.7 HU, with an average of 9150.3 HU. Noise levels were markedly different, with PC micro-CT showing only 512.97 HU—less than half of the 1092.10 HU observed in EID micro-CT. The reconstructed images from PC micro-CT effectively reveal the internal density variations within the otolith, whereas EID micro-CT is limited to visualizing the overall shape of the otolith without providing detailed information on density distribution.




Figure 6 | CT images of Otolith under different conditions, presented from left to right: (A) full-energy image from photon-counting micro-CT, (B) calcium map derived from photon-counting micro-CT, (C) monoenergetic photon-counting micro-CT image at 100 keV, and (D) traditional integral-detector CT image. The bottom row shows the corresponding CT value histograms for each image.






3.4 Iodine-stained imaging

Figure 7 shows the contrast images of different species of marine organisms. In an effort to optimize the contrast observed by micro-CT, we stained these samples in a 320 mg/ml iodoxanol solution for various periods of time (0, 1, 12, 24 hours) before micro-CT imaging. At 0 hours, the soft tissue structures are barely visible. After 1-hour, distinct features begin to emerge, such as the gill structures in Sinonovacula constricta (Figure 7E) and the digestive glands in Strombus canarium (Figure 7H). By 24 hours, the digestive gland of Sinonovacula constricta (Figure 7O) is clearly outlined. Similarly, in Meretrix lusoria (Figure 7P), the internal soft tissues, particularly the gills, are visualized with remarkable clarity.




Figure 7 | Examples of CT images of marine life immersed in a 320 mg/mL Iohexol solution for 0 (A–D), 1 (E–H), 12(I–L), and 24(M–P) hours. Note that as immersion time increases, the clarity of soft tissue details in the marine organisms progressively improves.



Figure 8 presents the reconstructed images of Strombus canarium after immersion in a 320 mg/mL iodixanol solution for 36 hours. A calcium map and virtual monoenergetic images at 20 and 40 keV have been displayed in order. In both full-energy and high-energy virtual monoenergetic images, the shell, foot, and digestive system are clearly visible, with clear outlines of their features. The calcium map not only provides the detail structure information of the shells, but enabling quantitative study of calcium content.




Figure 8 | Virtual monoenergetic imaging and calcium map results of Strombus canarium after immersion in a 320 mg/mL Iohexol solution for 36 hours, obtained using photon-counting micro-CT. The images include the full-energy image (A), calcium map (B), and monoenergetic imaging at 20 (C) and 40 (D) keV.



In order to further display the contrast image result of PC micro-CT for marine organisms, Figure 9 presents the horizontal, coronal, sagittal view and 3D rendering of Meretrix lusoria immersed in iodixanol solution for 36 hours. The 3D rendering captures not only the intricate texture details of the shell surface but also reveals the fine structures of the gills. It is worth emphasizing that this system in combination with iodine contrast agents can show very great advantages in marine organisms’ imaging.




Figure 9 | Three-dimensional rendering based on photon-counting micro-CT data of Meretrix lusoria after immersion in a 320 mg/mL Iohexol solution for 36 hours. The XY (horizontal), XZ (vertical), and YZ (vertical) views, along with the 3D reconstruction, are shown. Note that detailed structures are visible in the 3D reconstructions.







4 Discussions

Because of the ability of CT to nondestructively visualized the internal structures of marine organisms, it occupies a significant position in the research of marine biology. In archaeology, it is usually necessary to study marine fossils, and such rare and fragile samples also need to be imaged using CT which have no harm to the samples (Ye et al., 2024). To the best of our knowledge, this study marks the first instance of applying PC micro-CT to marine organism imaging. The results highlight its potential for high-resolution imaging of bivalves and other organisms. PC micro-CT is the tool that should be recommended to adopted in marine biology research to enhance the understanding of more marine organisms in morphology (Wei and Erbe, 2024), taxonomy (Yang et al., 2024), and functional anatomy (Teichert et al., 2024).

The high spatial resolution of PC micro-CT enables detailed visualization of intricate biological structures, as demonstrated in the imaging of bivalves (Figure 2). In bivalves, the two shells are typically connected by a hinge structure (Kahler et al., 1976), which PC micro-CT captures with exceptional clarity, precisely delineating its boundaries. It is valuable for functional and comparative analyses of hinge mechanisms across species. Unlike EID micro-CT, which struggles with electronic noise and limited contrast in low-density materials, PC micro-CT employs a photon-counting detector that selectively filters low-energy photon signals, reducing noise and enhancing image contrast. Fine structural features are more distinctly resolved. The ability of PC micro-CT to characterize shell microstructure with high precision makes it particularly relevant for studies on biomineralization and mechanical properties of marine organisms. For example, previous studies have utilized micro-CT to investigate the role of gastropod shell composition and microstructure in resisting dissolution caused by ocean acidification (Barclay et al., 2020), as well as the micromechanics of echinoderm skeletons using X-ray tomography (Müter et al., 2015). PC micro-CT offers significant advancements by providing higher spatial resolution, which enable more precise characterization of shell microstructures, facilitating deeper insights into biomineralization processes. By enabling high-resolution, non-destructive analysis with superior contrast and spectral information, PC micro-CT has the potential to refine and expand upon existing research, offering a more comprehensive understanding of the impacts of environmental change and evolutionary adaptations in marine species.

Marine organisms typically have a high-density shell enclosing low-density soft tissue. When performing micro-CT imaging, beam hardening artifacts often appear behind the dense shell, affecting the visualization of the shell-soft tissue boundary. This issue can be mitigated by selecting appropriate scanning protocols. This study investigated the effects of three tube voltage levels on image quality. Figure 3 shows that the H_SoftTissue_80kV protocol produced the optimal imaging results. At low tube voltages, such as 60 kVp, X-ray interactions are predominantly governed by the photoelectric effect, leading to significant attenuation differences between tissues and improving density resolution. However, more photons in the X-ray spectrum are absorbed by the high-density shell, resulting in fewer photons reaching the detector. This causes beam hardening artifacts in the reconstructed images, compromising image quality. To reduce these artifacts, we recommend higher tube voltage protocols for imaging specimens with high-density components, such as shells (Figure 3C). In contrast, at high tube voltage (100 kVp), the higher average photon energy allows better penetration through the shell, but the increased contribution of Compton scattering reduces contrast between different tissues. An intermediate voltage of 80 kVp provides a balance between the photoelectric effect and Compton scattering. This optimizes the attenuation coefficient differences among soft tissues while maintaining sufficient signal intensity, ultimately enhancing soft tissue contrast in the reconstructed images. Additionally, advancements in post-processing algorithms offer a supplementary approach to reducing beam hardening artifacts (Deng et al., 2011).

Compared to conventional EID micro-CT, the most significant advantage of PC micro-CT lies in its spectral imaging capabilities, particularly virtual monoenergetic imaging and material decomposition. Virtual monoenergetic imaging reconstructs images at different monochromatic energy levels by utilizing both high- and low-energy projection data. This technique optimizes tissue contrast, reduces beam hardening artifacts, and enhances the visibility of contrast agents, thereby improving density resolution. The advantages of virtual monoenergetic imaging are demonstrated in Figures 4, 5, where images acquired at energy levels below 50 keV exhibit superior delineation of both high- and low-density tissues in marine organisms. While virtual monoenergetic imaging has not yet been applied in marine biology, its clinical applications highlight its potential utility. For instance, in pulmonary nodule assessment, low-energy virtual monoenergetic imaging improves soft tissue contrast, thereby enhancing the visibility of small lung nodules (He et al., 2020). Similarly, in the evaluation of atherosclerosis and vascular stenosis, high-energy virtual monoenergetic imaging effectively reduces metal and calcification artifacts, allowing for more accurate assessment of coronary artery stenosis and improving the precision of interventional treatments (D’Angelo et al., 2019). These advantages suggest that VMI could be a valuable tool for marine biological imaging, but further investigation is required to explore its full potential in this field.

Material decomposition, another key spectral imaging technique, analyzes X-ray attenuation characteristics at different energy levels to separate mixed tissue signals into quantitative maps of specific base materials (e.g., water, fat, iodine). This approach enables quantitative tissue composition analysis, enhances contrast agent detection accuracy, and reduces artifact interference. Figure 6 presents a calcium map obtained via water-calcium decomposition. For fish otolith, the growth ring is the significant structure representing the aging of fish which record critical biological and environmental information (Valerio et al., 2025). Thanks to the PC micro-CT, not only can the growth ring be seen in the full-energy images, but it can be quantitatively analyzed in calcium map, offering a novel approach for studying marine organism development. Although material decomposition imaging has not yet been applied to marine biological studies, existing research has demonstrated its effectiveness in other domains. In low-energy micro-CT, material decomposition using a photon-counting X-ray detector enables the differentiation and mapping of iron, calcium, and paraffin in atherosclerotic plaques (Solem et al., 2021). In dual- and triple-energy cone-beam micro-CT, material-specific imaging allows for the separation and visualization of bone and blood vessels in ex vivo rat specimens perfused with a lead-based contrast agent (Granton et al., 2008). These applications demonstrate the potential of material decomposition for enhancing imaging contrast and specificity in complex biological structures. Further research is needed to extend this approach to marine biological studies, particularly for the quantitative analysis of biomineralized tissues.

A major challenge in marine biology is obtaining clear images of the soft tissues of marine organisms to better understand their functional differences (Lv et al., 2019). Non-contrast PC micro-CT imaging, while effective for high-density structures such as shells, does not provide clear visualization of soft tissues like digestive glands, digestive tracts, and circulatory systems. this study explores the use of iodine contrast imaging to enhance the visibility of these internal structures. Our results demonstrate that after 12 hours of immersion in a 320 mg/mL iodixanol solution, the digestive glands and other soft tissue structures of certain marine organisms become visible. After 24 hours of immersion, high-resolution imaging of the soft tissues of all the marine organisms studied in this paper is achieved, providing detailed internal views. Studies have demonstrated that iodine-stained Syllis can be effectively imaged using micro-CT. Iodine staining has proven advantageous over non-staining methods for visualizing delicate low-density structures, such as segmental organs, ganglionic connective tissues, the ventral nerve cord, and segmental nerves (Parapar et al., 2019). For marine invertebrates, a buffered iodine solution applied to specimens fixed with 10% formalin provides optimal nervous tissue contrast (Chapuis et al., 2024), which aligns with the findings of this study. Regarding immersion time, this study evaluated imaging results at 0, 1, 12, 24, and 36 hours and found no significant difference between 24 and 36 hours for Meretrix lusoria and Strombus canarium imaging. Therefore, a 24-hour pretreatment period is recommended for iodine-based imaging, consistent with previous studies (Chapuis et al., 2024).

While PC micro-CT demonstrates excellent performance in imaging marine organisms, several challenges remain. Motion artifacts may still occur when scanning living marine organisms, despite the rapid scanning speed of CT. Additionally, the relatively low operating tube voltage of micro-CT may result in insufficient X-ray energy to penetrate samples with high-density components, leading to beam hardening and metal artifacts in the images. Another limitation is that the system is primarily designed to decompose substances with iodine and calcium as the base material, requiring further experiments to analyze other materials. Furthermore, this study included only one representative organism per species, which may impact the generalizability of the findings. Further research is warranted to address these limitations and to expand the applicability of PC micro-CT in marine biology.

Recent years have seen a surge in the use of high-resolution micro-CT technology by marine biologists for studying various marine organisms (Poore and Black, 2024). This technique has played an invaluable role in the field of morphology and classification of marine biology. In addition, it also plays an important role in the research field of marine environment and climate changes (Thomson et al., 2024). There are even many studies that require scanning of fossils to study evolution (SChade et al., 2024). The novel PC micro-CT was introduced into marine biology research, achieved significant advancements in the outcomes. These improvements include enhanced spatial resolution, reduced image noise, material decomposition capabilities, and more detailed visualization of density distributions within structures, along with effective imaging using contrast agents. As PC micro-CT technology is still in its early stages, its future development holds great promise. Continued improvements in spatial resolution, expanded applications of virtual monoenergetic imaging, and enhanced precision and sensitivity in material decomposition are expected. Moreover, the technology could further advance to support multi-material decomposition, broadening its application scenarios in marine biology and beyond.




5 Conclusion

To the best of our knowledge, this study marks the first application of PC micro-CT in marine biology. PC micro-CT outperforms conventional EID micro-CT, particularly in spatial resolution and noise reduction. Virtual monoenergetic imaging enhances soft tissue contrast at lower keV levels while minimizing beam hardening artifacts at higher energies. Additionally, the system’s material decomposition capability enables quantitative mapping of iodine and calcium distributions in otoliths, revealing intricate biomineralization patterns.

For optimal imaging of marine organisms, higher tube voltages, such as 100 kVp, should be used. Furthermore, iodixanol immersion significantly enhances soft tissue visualization, improving contrast imaging of structures like digestive glands and gills. Expanding material decomposition to include phosphorus and magnesium will further advance biomineralization research.

PC micro-CT opens new avenues for assessing climate change effects on marine organisms, such as shell microstructure degradation due to ocean acidification, and for non-destructive analysis of fossilized specimens.

Overall, this study establishes PC micro-CT as a transformative tool in marine biology, enabling high-resolution, non-invasive 3D imaging. Its applications extend across taxonomy, functional morphology, and environmental adaptation research, paving the way for broader advancements in marine science.
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