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Classical histopathology of formalin fixed and paraffin embedded (FFPE) tissue using light microscopy 
(LM) remains the undisputed gold standard in biomedical microstructural lung tissue analysis. To 
extend this method, we developed an integrative imaging and processing pipeline which adds 3D 
context and screening capabilities by microCT (µCT) imaging of the entire paraffin block and adds 
ultrastructural information by correlative same-slide scanning electron microscopy (SEM). The 
different modalities are integrated by elastic registration to provide hybrid image datasets. Without 
compromising standard light microscopic readout, we overcome the limitations of conventional 
histology by combining and integrating several imaging modalities. The biochemical information 
contained in histological and immunohistological tissue staining is embedded into the 3D tissue 
configuration and is amplified by adding ultrastructural visualization of features of interest. By 
combining µCT and conventional histological processing, specimens can be screened, and specifically 
preselected areas of interest can be targeted in the subsequent sectioning process. While most of the 
µCT data shown in the manuscript was acquired at a Synchrotron, we further demonstrate that our 
workflow can also be applied using X-ray microscopy.
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Understanding the intricate structures and composition of soft tissues is a pivotal pursuit in various fields, 
from medicine to biology. Histology, the primary method employed for microstructural tissue analysis, offers 
unparalleled versatility and specificity, aided by various staining protocols and immunohistochemistry. However, 
histological analysis has inherent limitations, including its intrinsic restriction to 2D assessments, the limited 
spatial resolution of light microscopy and challenges in identifying and targeting specific sites of interest during 
tissue processing. The latter often necessitates labor-intensive serial sectioning, diminishing the diagnostic 
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value, particularly in diseases with small lesions and high tissue heterogeneity. The lung is a prime example of 
an organ where 3D analysis adds significant value in the understanding of the complex structural integrity of 
pulmonary tissue. The demands on the architecture of the lung are enormous. The largest organ in the human 
body is subject to permanent life-long volume changes while its internal structure must allow respiratory air to 
be evenly distributed and to get as close as possible to capillary blood vessels to allow for efficient gas-exchange. 
On the micro-scale, this is achieved by the creation of self-stabilizing tensegrity structures, utilizing an absolute 
minimum of tissue substance. At the center of these structures are extracellular helical line elements that form 
alveolar entrance rings and balance alveolar surface tension to prevent alveolar collapse1. Pulmonary injuries or 
diseases often involve impairment of the delicate lung structure with damage patterns at different length scales, 
ranging from the macroscopy of the whole organ down to the sub-cellular level2. Those structural alterations 
are often scattered and heterogeneously distributed within the lung3. Thus, a major challenge in microstructural 
lung tissue analysis is to identify sites of interest prior to executing subsequent high-resolution analysis by 
microscopic techniques4.

MicroCT imaging enables non-destructive 3D analysis of tissue specimens, but its ability to visualize soft 
tissue is limited. Classical microCT contrast relies on differences in X-ray attenuation, requiring either specific 
staining procedures5 or extended scanning times to achieve sufficient contrast in soft tissues6. High resolution 
in most microCT systems is typically achieved through geometric magnification, which is constrained by the 
size of the X-ray source spot7. To overcome this limitation, micro- and nanofocus X-ray tubes are used, offering 
smaller source spots but lower X-ray flux. Synchrotrons, large-scale research facilities where electrons are 
accelerated to relativistic speeds and circulated in storage rings of over 100 meters in diameter, offer a significant 
advantage. By using magnetic devices to keep the electron beam focused and bend it into a closed circular path, 
synchrotrons generate X-ray beams with fluxes up to a million times greater than conventional X-ray tubes. 
The distance between the source spot and the specimen typically ranges from several meters to, in some setups 
like the IMBL beamline at the Australian Synchrotron, up to 138 meters. This increased distance, coupled with 
short sample-to-detector distances, results in strong demagnification of the source spot, achieving extremely 
high levels of spatial resolution. Additionally, the synchrotron microCT setup produces X-ray beams with a level 
of coherence that enables phase-sensitive imaging techniques such as propagation-based imaging (PBI)8. PBI 
offers significantly higher soft-tissue contrast compared to conventional microCT, making it ideal for imaging 
unstained FFPE lung tissue9. However, while PBI enhances soft-tissue visibility in unstained specimens, the 
contrast remains unspecific - reliable classification of tissue composition is not possible based on the variation 
in contrast alone.

Classical histology, which involves microscopy of thin tissue sections (typically micrometer-thin) combined 
with specific staining protocols, remains the most widely used method for tissue analysis in both clinical 
practice and biomedical research. Numerous staining techniques have been developed to highlight specific 
tissue or cell types. However, histology is inherently two-dimensional and destructive, limiting its ability to 
provide comprehensive, three-dimensional insights. Additionally, tissue specimens are typically limited to a size 
of around 3x2x1 cm3 and are embedded in a rigid matrix, usually paraffin. The specimen’s orientation within 
the paraffin block greatly influences the cutting angle, and since sectioning is done blindly, targeting specific 
features of interest can be challenging, especially in heterogeneous tissues with small targeted structures of 
interest. Furthermore, the cutting process often causes deformations, limiting the accuracy of quantification of 
morphological changes. For these reasons, combining and integrating histology with 3D imaging techniques, 
such as microCT, as demonstrated in our pipeline, presents a highly promising approach to overcome these 
limitations and enhance tissue analysis.

Despite recent advancements in ultra-high resolution microscopy techniques like STED microscopy (which 
relies on fluorophores)10, standard optical microscopy is commonly used for magnification up to 20x or 40x. At 
this level, it becomes difficult to assess ultra-structural details11. Scanning Electron Microscopy (SEM), on the 
other hand, is a powerful imaging technique that uses a focused electron beam to scan the surface of a sample. 
The interaction of electrons with the sample generates signals that are used to create high-resolution images 
of the surface’s topography and composition. SEM enables the visualization of structures at the nanoscale, 
providing valuable insights into surface morphology and topography, material properties, and even elemental 
composition. However, SEM typically scans very small regions and is challenging to apply to FFPE tissue, 
making it difficult to align SEM images with histological data. To address this, we employed same-slide large 
field-of-view SEM, which facilitated the seamless integration of histological and SEM resolutions. By imaging 
the same tissue section used in histology, without introducing additional deformation, we were able to precisely 
register the two modalities. This allowed us to bridge the gap between the resolutions of histology and SEM. At 
the same time, we were able to apply the information on the histological classification of cell and tissue types 
within the sample to the SEM image.

Different and sometimes even adverse preparation steps are usually employed for different imaging 
modalities to investigate a variety of length of scales, such as micro computed tomography (µCT), light 
microscopy (LM) and electron microscopy (EM). As a result, the hierarchical context is often lost in multi-scale 
and multi-modality imaging approaches. In this report, we present a novel workflow for the integrative analysis 
of standard formalin-fixed and paraffin embedded (FFPE) lung tissue by combining high-resolution µCT with 
guided microtome sectioning, subsequent classical histology and same-slide correlative scanning electron 
microscopy (SEM). In order to demonstrate that our approach is not limited to the use of Synchrotron based 
µCT system, we show that X-ray microscopy can also be used. µCT displays tissue structures in their 3D context, 
allowing for volumetric analysis and serving as a screening tool for targeted sub-biopsies and guided microtome 
sectioning12. Subsequent standard histology allows for the classification of cell types via specific staining, and 
tissue components can be integrated into their 3D context by elastic registration13. Correlative same-slide SEM 
then provides insight into the ultrastructure of features of interest14, completing a multi-scale approach that 
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can be applied to any unstained FFPE tissue, the persistent gold standard for biomedical tissue preparation and 
archiving. The integration of further additional modalities for downstream analysis of tissue sections and its 
integration into the 3D context are to be explored.

Results
Paraffin block µCT enhances comprehensive understanding of pulmonary soft tissues
The workflow (Fig. 1) that was applied uses unstained FFPE porcine lung tissue. Due to the elevated soft-
tissue contrast of phase contrast CT acquired with synchrotron radiation (SRµCT) no additional staining was 
needed. This implies that the workflow can be applied to any unstained FFPE samples of soft tissues. It allows 
not only guided histological sectioning and targeted histopathological analysis but also for a comprehensive 
understanding of structures of interest in their three-dimensional context combined with information on their 
biochemical origin and their ultrastructure at a sub-micron resolution. Entire paraffin blocks of approximately 
3x2x1 cm3 were scanned using the white beam setup of the SYRMEP beamline at the Italian Synchrotron light 
source “Elettra”15. Multiple scans with an isotropic voxel size of 4.5 µm were used to cover a tissue volume of 
8x8x10 mm3, which allowed an overview of the tissue architecture at hand (Fig. 2A left). While information 
about the general tissue architecture could be obtained at this resolution, analysis of peripheral fine structures 
that become relevant at the micron-scale, like alveolar entrance rings, was not feasible (Fig. 2B). To obtain a scan 
at higher resolution with as little artifacts as possible, punch biopsies with a diameter of 4 mm were taken at 
preselected regions of interest and scanned again with 2 µm voxel size to form the base for subsequent 3D tissue 
analysis and identification of relevant structures (Fig. 2A right). Examination of these scans revealed a more 
detailed visualization of the general structure of pulmonary tissue (Fig. 2C). A higher level in soft tissue contrast 
was achieved, allowing the imaging of the complex 3D structure of the lung’s axial connective tissue system 
(Fig. 2D) which shapes the alveolar duct by forming alveolar entrance rings originating from bronchoalveolar 
duct junctions. To complete the workflow, microtome sectioning at identified sites of interest was performed. 
The acquired histological specimens were then examined by light microscopy and same-slide SEM.

µCT-guided screening and targeted microtome sectioning yields precise specific histological 
samples
To facilitate efficient µCT-guided histological sectioning, a correlation between modalities had to be established. 
Before microtome sectioning, the SRµCT scans were evaluated for potential sectioning planes of interest, 
containing structures relevant for histological correlation and analysis and prime quality with minimum tissue 
distortion and without air inclusions or fissures inside the paraffin. To determine the amount of tissue that had 
to be sectioned before reaching the desired planes of interest, 2–3 sections were first taken from the very top 
of the paraffin block and identified within the CT scan. This allowed calculation of the distance between the 
first sections close to the surface and the targeted sectioning plane of interest. According to these calculations, 
further sectioning was performed in several test runs, striking the specific plane of interest with an accuracy 
of ±14.45% relative to the calculated required depth. This deviation is attributed to the manual cutting process 
during which the FFPE sample is mounted and removed from the microtome several times for intermittent 
cooling. To account for the variation in the achieved cutting depth, tissue sections were not taken solely at a 
single targeted cutting plane but rather from a target zone. The extent of this target zone was relative to the 
cutting depth required to reach the desired sampling plane, spanning an additional 15% of this required depth 
in each direction of the cylinder. Using this refined method, acquired histological sections were then correlated 
back to the SRµCT scan to demonstrate the efficacy of the µCT-based targeted sectioning approach.

Integrated imaging can be achieved in a laboratory setting using X-ray microscopy devices
Synchrotron phase contrast SRµCT holds great advantages for this study as the high brilliance of the X-ray beam 
enables rapid scanning and the soft tissue contrast is enhanced by phase contrast effects. However, synchrotron 
radiation-based imaging is limited in accessibility. Thus, more accessible X-ray microscopy systems were explored 
and proved to provide sufficient spatial resolution and contrast to noise level to facilitate integrative imaging. In 
Fig. 3, the imaging results for a Zeiss Versa 620 (A) and the SYRMEP white beam setup (B) applied to the same 
porcine lung tissue specimen are compared. Zeiss Versa images demonstrate an even higher level of detail due 
to the fact that the voxel size at the detail scan was 1 µm, 2 times smaller than the voxel size of 2 µm within the 
SYRMEP data set. While the data set appears noisier, the lung tissue can clearly be separated from the paraffin 
embedding medium. Note the smooth appearance of the SYRMEP data sets is a result of the low pass filtering 
effect of the applied phase retrieval algorithm16. Thus, the data confirms that the attenuation contrast based 
X-ray microscope (Zeiss Versa 620) can be used to study unstained FFPE lung tissue specimens on a micron 
level. However, the acquisition time used for the data set shown in Fig. 3a was 9.3 hrs. While this can certainly 
be optimized further, the high X-ray fluxes at Synchrotron sources typically allow very short acquisition times. 
In this study, the acquisition time per SRµCT dataset was only 180 s.

Elastic image registration of LM and µCT allows for segmentation and integration of 
complex structural hallmarks of the peripheral lung
Despite the high-resolution 3D imaging capability of µCT, the unspecific contrast hinders precise classification of 
tissue components. Histology on the other hand allows for specific identification of various tissue types but can 
hardly provide 3D structural information. To overcome these limitations, we employed elastic image registration 
to co-register subsequently obtained and AB-PAS-stained lung tissue slides to the 3D context of the original 
uncut paraffin block. Fig. 4A shows a defined virtual section through the SRµCT data set of an exemplary 4 mm 
diameter punch biopsy of an embedded porcine lung sample. Fig. 4B shows the AB-PAS-stained histology slices 
using the SRµCT-derived cutting depth for targeted sectioning. Clearly, a strong resemblance between the virtual 
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Fig. 1.  Schematic depiction of the workflow that has been developed and applied successfully. During 
macroscopic sampling, lung tissue blocks were collected and afterwards formalin fixed and paraffin embedded. 
SRµCT scans were obtained at a voxel size of 4 µm. The scans were examined, regions of interest were selected 
and a targeted punch biopsy was taken, yielding a tissue cylinder with a diameter of 4 mm. The tissue cylinder 
was again scanned at a voxel size of 2 µm. The same tissue cylinder was also scanned in a conventional X-ray 
microscopy setup at a voxel size of 1 µm. The cylinder scans were evaluated for structures of interest. Targeted 
histology was performed, histological sections were stained and digital LM images with a pixel size of 221 nm 
were produced. On the same glass slide, the stained histological sections were prepared for SEM, and SEM 
images were taken, concluding the imaging pipeline with the highest acquired pixel size of 40 nm. Ultimately, 
all positions where imaging modalities had been performed were relocated within the 3D rendering of the 
scanned volume. Elastic registration was performed to enable integration of all imaging modalities. This figure 
includes components created with BioRender.com.
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section in Fig. 4A and the histological slide in Fig. 4B can be appreciated. Since microtome sectioning causes 
non-uniform local deformations, elastic image registration was employed to register the histological slide to 
the corresponding virtual section within the SRµCT scan. Fig. 4C demonstrates that the SRµCT data set can be 
used to access the local 3D environment of the structures seen in the histological slide. However, identification 
and reliable classification of certain tissue types is difficult because there is little data available for reference. 
Co-registration of the 3D SRµCT dataset and the digitalized micrograph generates a hybrid dataset (Fig. 4D). 
Complex 3D structures, such as the broncho-alveolar-duct-junction (BADJ), can now be identified using the 
specific information from the digitalized light micrograph (especially the fiber structures, black arrows Fig. 4E 
detail view) and its intricate micro-architecture can be assessed in 3D, portraying the convoluted course of the 
axial connective tissue system originating from the BADJ, giving rise to the backbone of the alveolar duct by 
forming the alveolar entrance rings (Fig. 4E). Tiny cross-sections of the cable-like structure can be appreciated 
in light microscopy only (black arrows in LM insert Fig. 4E. In the SRµCT data, a carina-like main cable element 

Fig. 2.  Comparison of synchrotron phase contrast SRµCT scans at different resolutions and fields of view. (A) 
The volume shown on the left is a FFPE lung tissue block scanned at a voxel size of 4.5 µm. A cylindrical punch 
biopsy with a diameter of 4 mm was taken at the site marked in the volume on the left. On the right, said tissue 
cylinder is shown, scanned with a resolution of 2 µm. * marks a bronchoalveolar duct junction that, due to 
its unique shape, aids in correlating both scans and relocating one volume within the other. (B) A zoomed in 
view of the bronchoalveolar duct junction (*) in the 4 µm resolution scan is shown. While its continuation 
into the alveolar space is visible, single structures like continuous interalveolar septa cannot be imaged at 
this resolution. (C) A zoomed in view of the same bronchoalveolar duct junction (*) within the 2 µm biopsy 
cylinder scan. In direct comparison to (b), details are depicted more clearly and small structural tissue details, 
like alveolar entrance rings, are captured due to the higher resolution of the scan. (D) Detailed view of the 
alveolar entrance rings imaged in the 2 µm scan. Viewing the 3D rendering of the scan suggests that there is a 
connected network of these structures continuing inside the volume.
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(solid line), that divides the BADJ in two primary alveolar ducts, is clearly visible. In addition, the complexly 
structured helical line elements (dashed lines) are visualized, illustrating the true extent and 3D configuration of 
these complex structures, which could not be deducted from the 2D histological sections.

In classical LM the axial connective tissue system is inadequately represented due to its complex 3D structure 
(Fig. 5A). Only its 2D cross-sections are typically referred to as so-called septal tips (Fig. 4E detail view). The 
3D scans provide sufficient contrast to allow for segmentation of the cable like structures that make up the axial 
connective tissue system, however a reliable and verified method is needed to securely classify their histological 
origin. As demonstrated in Fig. 5B, when an AB-PAS stained histological LM image is spatially registered to the 
SRµCT data sets, its specificity for connective tissue fibers can be used to generate an informed 3D segmentation 
of the axial connective tissue system from the integrated SRµCT data set (Fig. 5B yellow). Thereby, this essential 
anatomical structure proposed by Weibel et al.1 (Fig. 5A) can now be verified and visualized and pathological 
changes affecting its 3D integrity may be assessed. The information was further supplemented by spatially 
registered SEM which allowed to analyze the ultra-structure of the same septal tips found in the LM images 
(Fig.  5B detail view), via a down-stream component of the imaging pipeline outlined below. The specimen 
shown in Fig. 5B is a FFPE lung specimen from a human patient that died due to COVID-19.

Same-slide scanning electron microscopy facilitates sub-micron correlative imaging 
montage
SEM supplements tissue analysis with information about the tissue’s ultra-structure and surface topography. 
Due to its large depth of field, the method yields a three-dimensional appearance useful for understanding the 
fine surface structure of the sample. Similar to µCT, the measurements cannot directly be assigned to different 
tissue types. Thus, the same strategy of combining it with histology as a tissue specific method is of great interest. 
For the mapping of structures depicted by SEM directly to their exact counterpart in light micrographs of 
histological samples, we applied same-slide SEM. Histological processing, staining, imaging and subsequent 
preparation for SEM as well as imaging was performed on conventional glass slides. This provided the best 
results possible for both imaging modalities. Between histological processing and sample preparation for SEM, 
no significant mechanical deformation occurred, resulting in images that were immediately fit for integration 
without prior elastic registration. Fig. 6A shows a H&E-stained slice of the punched FFPE porcine lung tissue 
sample. Black rectangles indicate a cartilage region (Fig. 6B) as well as a lung parenchyma region containing 
septal tips (Fig. 6E). Fig. 6 C and F shows the checkerboard visualizations validating that, based on the same-
slide histology and SEM technique, LM and SEM data could be overlaid perfectly. Fig.  6D and E depict the 
regions indicated by the yellow boxes in Fig. 6C and F. The extremely high resolution of SEM images coupled 
with the depiction of the intricate topography of the tissue specimens allows the visualization of a chondrocyte 
(asterisk) in its lacuna (black arrow head) as well as the identification of individual elastin cables (white arrow 
heads) within a septal tip (Fig. 6 D and G).

Elastic image registration allows for creation of congruent multimodal hybrid images
As depicted in Fig.  5 same-slide SEM registers perfectly to prior acquired light microscopy images of the 
same tissue. Using the large field-of-view (FOV) of classical histology light microscopy imaging, the overview 
data can be registered into the 3D context of the SRµCT data set of the intact specimen. Elastic registration13 
was applied to compensate for mechanical deformations of the histological section that originated from the 
microtome sectioning process. Fig. 7A shows the 3D rendered SRµCT data set virtually cut open at the level of 

Fig. 3.  Comparison of attenuation based X-ray microscopy (Zeiss Versa 620 - A) and phase contrast SRµCT 
(SYRMEP beamline - B). As indicated by the detail views zooming in on a high-contrast septal tip, both 
classical X-ray microscopy and SRµCT can successfully be performed with unstained lung tissue embedded in 
paraffin. There is, however, a notable difference in scanning times with the settings applied in this study (9.3 
hrs for Versa 620, 180s for SRµCT). Note: scans have been performed with different voxel sizes (1 µm Versa, 
2 µm SYRMEP).
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the corresponding histological section. The elastic registered histological slide (h) as well as the SEM data (s) 
were rendered into the same 3D context. To demonstrate the benefit of this approach - supplementing histology 
with information on ultrastructural configuration via SEM and 3D information of the SRµCT acquisition - the 
segmentation of a bronchiolus (blue, b1), an arterial pulmonary blood vessel (red, v) and bronchiolar cartilage 
(pink, *) were displayed in 3D (Fig. 7A). The close-up in Fig. 7B demonstrates the precision of the registration 
and shows that now, the 3D information of the aforementioned structures (vessel = v and bronchiolus = b2) can 
be related to their cross-sectional equivalent in histology (h) as well as SEM (s) (Fig. 7B).

Discussion
Classical histopathology, using light microscopy (LM) on formalin-fixed and paraffin embedded (FFPE) tissues, 
remains the gold standard for microstructural tissue analysis in biomedical research. However, its limitations 
in providing three-dimensional (3D) context and high-resolution ultrastructural details present significant 
restrictions, particularly for complex organs like the lung. This study introduces an integrative processing and 
imaging pipeline that combines synchrotron radiation based micro-CT (SRµCT), classical histology, and same-
slide scanning electron microscopy (SEM) to overcome these limitations.

The incorporation of SRµCT into the pipeline provides a relevant advantage by offering volumetric imaging 
of entire paraffin blocks. This allows for a comprehensive 3D visualization of the whole tissue specimen and 
tissue architecture before any sectioning. Such pre-screening capability is crucial for identifying regions of 
interest (ROIs) within the heterogeneous lung tissue, where pathological changes may be scattered and minute. 
The high-resolution SRµCT scans facilitate precise targeting of these ROIs for subsequent histological analysis, 
thereby enhancing the diagnostic accuracy and efficiency.

The study demonstrates that µCT images can effectively guide the microtome sectioning process, ensuring 
that specific planes of interest are accurately targeted. This is particularly beneficial for lung tissue, where 
maintaining the integrity of delicate structures like alveolar entrance rings and the axial connective tissue 

Fig. 4.  LM and SRµCT hybrid depiction of BADJ. (A) Exemplary slice from the reconstructed synchrotron 
radiation µCT data set of the tissue cylinder acquired via punch biopsy, (B) Digital light microscopy image 
(LM), AB-PAS stain. (C) Volume rendering shows the cylindrical shape of the SRµCT data set. (D) Hybrid 
image of the registered LM and the SRµCT data set. (E) A magnified portion of the hybrid image shows a 
BADJ. The black arrows in the magnified LM insert indicate the alveolar septal tips (fiber content), while in 
the CT data the complex 3D architecture of the axial connective tissue system is portrayed. A carina-like main 
cable element (solid line) divides the BADJ in two primary alveolar ducts. The complexly structured helical line 
element gives rise to alveolar entrance rings (dashed lines).

 

Scientific Reports |        (2025) 15:18656 7| https://doi.org/10.1038/s41598-025-02770-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 6.  Elastic registration of histology and SEM. (A) H&E-stained section of the analyzed 4 mm diameter 
tissue cylinder from the paraffin embedded lung tissue. Rectangles indicate two exemplary regions that have 
been analyzed by SEM. (B) and (C) show the same region of cartilage imaged via histology and a checkerboard 
visualization of the achieved registration quality respectively. (D) shows the SEM data of the region indicated 
by the yellow box in (C). Clearly the lacunae (black arrow) and a chondrocyte (asterisk) within the cartilage 
can be seen in detail. (E) to (F) show the same perfect overlay for a second alveolar region of interest. (G) 
shows the SEM data of the region depicted by the yellow box in (F). The extremely high resolution and the 
topographic information of SEM allowed to identify individual elastin cable elements (white arrow heads). 
To achieve the overlap between SEM and LM, no deformation needed to be compensated to match the data, 
demonstrating the most significant benefit of the same-slide SEM technique. Bars represent 1 mm in (A); 
0.1 mm in (B, C, E and F) and 0.02 mm in (D) and (G).

 

Fig. 5.  Multi-modal imaging validates 3D-structure of the alveolar duct fiber system. (A) Schematic 
conceptual illustration of the axial connective tissue system of the lung by Weibel1. Alveolar entrance rings are 
kept under tension and held open by helical elastin cable elements. (B) The combination of imaging modalities 
allows a detailed view of parts of the lung’s axial connective tissue system. The 3D rendering of a SRµCT scan 
of a FFPE lung specimen of a human patient that died due to COVID-19 has been virtually cut at the exact 
position of the histological section. Due to a detected difference in contrast, helical parts of the axial connective 
tissue system were successfully segmented with a region growing - based tool. After segmentation, the 
helical structures can be traced inside the sample and can be viewed in their three-dimensional context, thus 
allocating them at the very edge of alveolar entrance rings. As confirmed by histological staining, these helical 
parts consist of elastin cable elements. Through targeted SEM, the ultrastructural surface composition of the 
elastin cable elements is shown.
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system is critical. By correlating SRµCT data with histological sections, the integrative pipeline maintains the 
spatial context of the tissue, providing a robust framework for detailed microstructural and possible further 
down-stream analysis. Histological analysis, with its various staining techniques, remains indispensable for 
identifying specific cell types and tissue components. However, its inability to provide ultrastructural details 
necessitates complementary techniques. The integration of same-slide SEM addresses this gap by offering ultra-
high-resolution imaging of the targeted tissue’s ultrastructure. SEM’s capability to reveal fine surface details 
and sub-micron structures adds a critical layer of information, enhancing our understanding of fine structural 
components and the tissue’s microenvironment.

The study’s workflow ensures that µCT data, the histological and the SEM images are perfectly registered, 
allowing for seamless integration of data from all modalities. A key challenge in multimodal imaging is aligning 
data from different modalities due to variations in the sample preparation and imaging processes. The study 
employs elastic image registration techniques to align histological slides with SRµCT and SEM data accurately. 
This approach compensates for deformations introduced during the sectioning process, ensuring that the spatial 
relationship between different datasets is maintained. Elastic registration not only enhances the accuracy of data 
integration but also allows for the creation of congruent hybrid datasets. A successful combination of microCT 
and histology has already been demonstrated by Katsamenis et al.6, who also pointed out the added value of 
combining the 3D information of microCT with the specific (but 2D) information of histology. In this study, the 
deformation of the histological slides caused by the sectioning process was noticed, but as opposed to our study, 
the data was overlaid without the correction of deformation.

In our study the registered datasets provided a comprehensive view of the tissue, combining 3D structural 
information from SRµCT, specific histological details, and ultrastructural insights from SEM. This multimodal 
approach enables researchers to correlate histological features with their ultrastructural counterparts in 
a comprehensive 3D context, providing a holistic view of the tissue. For instance, the study highlights how 
SRµCT provides the 3D configuration of the axial connective tissue system and SEM can be used to examine 
the ultrastructure of septal tips in lung tissue, a complex structure that is challenging to resolve with LM alone. 
The integration is exemplified in the study by the detailed visualization of the broncho-alveolar-duct-junction 
(BADJ) and the axial connective tissue system, critical structures in lung tissue that are often inadequately 
represented in conventional histology.

For a comprehensive analysis, typically several methods are combined such as histology, genomics, proteomics 
and more. However, due to the fact that each of these modalities requires different tissue processing strategies, 
they are usually done on different parts of the specimen, which in turn limits the diagnostic value especially in 
diseases characterized by small lesions and a large tissue heterogeneity17. To this end spatially resolved omics 
techniques have been developed, which however lack the ability to observe a larger portion of the tissue in 3D.

Since any standard FFPE specimen can be used for label-free virtual histology by the means of phase contrast 
µCT as shown by multiple studies4,18,19, the proposed method can be integrated into the standard workflow 
of classical pathological tissue analysis which is based on unstained FFPE tissue samples. This distinguishes 
the presented workflow from others that require more specific sample preparation in terms of e.g. staining 
and embedding20, thus not making them applicable to the aforementioned unstained FFPE tissue samples. As 
already demonstrated by for instance D’Amico et al.4, our workflow can be applied to archived samples and 

Fig. 7.  Hybrid image, created after elastic registration and subsequent integration of SRµCT, histology and 
SEM. (A) Overview of all imaging modalities (SRµCT (grey), H&E stained light microscopy (h) and same-slide 
SEM (s)) of the workflow combined into one. A bronchiolus (b1, blue) with surrounding cartilage (*, pink), a 
venous blood vessel (v, red) and a terminal bronchiolus with its bronchoalveolar ductus (b2) and associated 
alveoli have been segmented from the microCT data sets. (B) Zoomed in view of the hybrid image. Regions 
of interest for SEM (s), in this example containing septal tips, had been selected within the light microscopy 
image.

 

Scientific Reports |        (2025) 15:18656 9| https://doi.org/10.1038/s41598-025-02770-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


extended by various methods for analysis of FFPE soft tissue like phase contrast CT, histology and atomic force 
microscopy. This reveals the huge potential scientific treasure on which research institutions and pathological 
institutes worldwide are sitting in the form of archived FFPE samples in their tissue banks, which have not yet 
been analyzed in three dimensions. It has been demonstrated21 that 3D virtual histology of an entire FFPE tissue 
specimen based on microCT using the same Zeiss Versa 620 applied in our study allows for a more accurate 
classification of prostate cancer specimens than histology or light sheet microscopy of small subsamples alone. 
However, in this study microCT and histology were used independently from each other. It can be hypothesized 
that by accurately registering these modalities, the classification results could be improved even further.

The synchrotron-based phase contrast SRµCT imaging method employed in this study is, in general, freely 
accessible to researchers after an experimental proposal has successfully been reviewed, for instance via the 
EuroBioImaging initiative www.eurobioimaging.eu. Nevertheless, the access to synchrotron light sources will 
continue to be limited. Here we showed that also an X-ray microscope (Zeiss 620 Versa) can be utilized in a 
laboratory setting and potentially allows to exploit phase contrast as for instance demonstrated by Bidola et 
al.22. In our case, the data sets obtained with the data produced by Versa 620 showed even better image quality 
due to the higher spatial resolution. However, even considering more efficient setups or parameter settings for 
laboratory based X-ray microscopy, the shorter scanning time to acquire SRµCT data is making very rapid 
acquisitions of larger cohorts of specimens possible as for instance presented by Albers et al.23. Nevertheless, 
the ability to perform our workflow independently from a synchrotron facility underlines its general and wide 
applicability.

In both cases, high resolution µCT imaging will generate a huge dose within the specimen. So far, we did 
not observe any deterioration of the FFPE tissue or a reduction in image quality during the histological analysis. 
However, we observed an increase in brittleness, which rendered sectioning of the FFPE blocks more challenging 
after SRµCT scans. The integration of additional modalities for downstream analysis of tissue sections into the 
3D context is a promising area for further exploration. Advanced imaging techniques, such as multiplexed 
fluorescence imaging and super-resolution microscopy, could provide more detailed insights into molecular and 
cellular interactions within tissues. Additionally, computational methods like machine learning and artificial 
intelligence could enhance image analysis, enabling automated identification and quantification of pathological 
features across different scales.

Conclusion
The execution of the workflow is demonstrated on unstained and otherwise unmodified FFPE tissue samples, the 
standard method for embedding and archiving samples in anatomy and pathology. This implies that the workflow 
can be applied to any FFPE specimen that has already been processed and archived in the past. The presented 
pipeline has a huge potential for machine learning based projects in digital pathology such as shown by Song 
et al.24 which profit from a database as big and diverse as possible. Advancements in integrative tissue analysis 
methodologies are crucial for overcoming the limitations of traditional histological techniques. By combining 
multiple imaging modalities and preserving the 3D context of tissue structures, researchers can gain a more 
comprehensive understanding of tissue architecture and pathology. This is particularly important for organs 
like the lung, where complex structural integrity is vital for function and disease progression often involves 
heterogeneous and scattered alterations. The development and refinement of such integrative approaches may 
continue to enhance our ability to diagnose and treat diseases with greater precision and efficacy.

It is important to note that 3D imaging with microCT either requires access to a synchrotron beamline or 
involves substantial imaging time. Additionally, since the concept of 3D virtual histology is a relatively recent 
development, many pathologists are not fully aware of the supplemental diagnostic information this technique 
has to offer. As a result, the applications of the multi-modal correlative imaging pipeline presented in this study 
are currently more relevant in the context of biomedical research rather than routine clinical practice. However, 
this may change in the future as faster microCT systems, such as those utilizing more powerful X-ray tubes like 
liquid metal jet tubes25, become more widely available.

Methods
The imaging pipeline described in the following paragraphs was developed using a porcine lung due to its 
similarity in size and macroanatomy to a human lung26. FFPE lung specimens were µCT-scanned using a 
synchrotron radiation-based and a commercially available laboratory system. Targeted punch biopsies were 
taken from regions of interest and imaged at higher resolution. After examination of the biopsy cylinder scans 
for structures of interest, pre-selected tissue slices (5 µm thickness) were taken from targeted planes of interest, 
placed on conventional glass slides, deparaffinized, stained and imaged using digital LM. The same slice was 
further processed and SEM was performed on regions pre-defined in the LM scan. Fuxlastix was applied to 
register the LM and SEM tissue scan to the SRµCT data to correct for deformation from LM/SEM preparation. 
The multi-scale and multi-modal image data was integrated, depicted and analyzed in VGStudio Max. The 
workflow is shown in Fig. 1.

Synchrotron phase contrast CT (SRCT)
The specimens were scanned at the SYRMEP beamline (SYnchrotron Radiation for MEdical Physics) at the 
Italian synchrotron “Elettra” (Trieste, Italy) using the white beam high resolution setup for specimens as 
described by Dullin et al.15. We used a pixel size of 4.5 µm and a sample-to-detector distance of 45 cm. 1800 
projections with an exposure time of 50 ms were acquired over 180◦. Given the relatively small lateral beam 
size of approx. 3.5 mm up to 3 overlapping scans with an increment of 3 mm were performed. In addition, a 
4 mm diameter tissue cylinder was obtained via punch biopsy and scanned with a sample-to-detector-distance 
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of 150 mm, a voxel size of 2 µm and an exposure time of 100 ms. Single distance phase retrieval (homogeneous 
version of transport of intensity equation, TIE_HOM16) with a delta-to-beta ratio of 200 was applied prior to 
3D reconstruction using the classical filtered back projection both implemented in the STP-Gui project27. More 
details can be found in Supplemental Material 1.

Zeiss X-ray microscopy
For further image data acquisition a Zeiss 620 Versa was used. A region of interest was identified within the 
tissue volume and detail scan with 1 µm voxel size, 3 s exposure time, 4x objective lens, 40 kV tube voltage and 
5001 projections over 360◦ was performed, resulting in a total scanning time of 9.3 hrs. More details can be 
found in Supplemental Material 1.

Re-embedding and histological sectioning
The 4 mm tissue cylinder was re-embedded in paraffin to enable microtome-based histological sectioning. After 
calculating the cutting depth required to hit the predefined targeted zone, sections were taken at a thickness of 
5 µm. Starting from the beginning of the targeted zone, sections were collected, placed on conventional uncoated 
glass slides and processed further.

Staining / Light microscopy
After targeted specimen collection, the tissue sections were deparaffinized and rehydrated. For this sample, H&E 
and AB-PAS staining were applied and cover slips were added. The light microscopy images were then acquired 
at a resolution of 221 nm/px using Hamamatsu C13210. Examination of the images was carried out with the 
software NDP.view2 and QuPath V.0.3.2.

Scanning electron microscopy [SEM]
The cover slips of the histological section were removed in xylol. The specimen were then sputtered with 3 nm 
Pt/Pd in a relation of 80/20 with Quorum A150V ES plus (clean current 50 mA, sputter current 5 mA). The slides 
were placed on a carousel and connected with copper tape (Plano GmbH, G3490) and silver conductive fluid 
(Plano GmbH, ACHESON 1415, G3692) to prevent charging effects. Navigation to specific sites of interest was 
performed using the Atlas 5 software (ZEISS). SEM acquistion was performed with a Ultra TM 55 (Zeiss) using 
2 kV primary energy, 20 µm aperture, a pixel size of 40 nm and a SE detector.

Elastic image registration and quality assessment
2D-3D elastic registration was achieved using Fuxlastix13, a front-end to Elastix28,29. Given the different image 
content of CT, histology and SEM normalized mutual information was used as cost function. Due to the non-
uniform deformations in the cutting process a grid of cubic thin-plate b-splines was used as deformation field.

Statistical methods and used software
VGStudioMAX (VolumeGraphics, Heidelberg) was used for rendering and 3D tissue analysis. Fuxlastix, a front-
end to Elastix, was used to perform 2D-2D elastic registration as described in Albers et al.13. Custom python 
scripts were used to calculate the above mentioned quantitative measures utilizing standard python modules 
such as numpy, scikit-image and matplotlib.

Data availability
Due to the large size of especially the Synchrotron microCT data sets, the data can not be provided via an online 
repository. Therefore, the data can be obtained from the corresponding authors on reasonable request. The ethic 
permissions for both the human and the animal material do not allow distributing the material.
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