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Abstract—Histological analysis is the core of follicular 
thyroid carcinoma (FTC) classification. The 
histopathological criteria of capsular and vascular invasion 
define malignancy and aggressiveness of FTC. Analysis of 
multiple sections is cumbersome and as only a minute 
tissue fraction is analyzed during histopathology, under-
sampling remains a problem. Application of an efficient tool 
for complete tissue imaging in 3D would speed-up 
diagnosis and increase accuracy. We show that X-ray 
propagation-based imaging (XPBI) of paraffin-embedded 
tissue blocks is a valuable complementary method for 
follicular thyroid carcinoma diagnosis and assessment. It 
enables a fast, non-destructive and accurate 3D virtual 
histology of the FTC resection specimen. We demonstrate 
that XPBI virtual slices can reliably evaluate capsular 
invasions. Then we discuss the accessible morphological 
information from XPBI and their significance for vascular 
invasion diagnosis. We show 3D morphological information 
that allow to discern vascular invasions. The results are 
validated by comparing XPBI images with clinically 
accepted histology slides revised by and under supervision 
of two experienced endocrine pathologists.  

 

Index Terms—Thyroid neoplasm, 3D Virtual histology, 
Phase-contrast X-ray imaging, Propagation-based imaging, 
Precision medicine 

I. INTRODUCTION 

HYROID neoplasms of follicular cell derivation are 

historically difficult to classify, resulting in frequent 

classification changes, with 14 entities today. In modern 

pathology, the primary challenge is to reliably stratify patients 

for initial therapy and follow-up measures to minimize the 

potential harm of overtreatment in patients at low risk of 

disease-specific mortality and morbidity, while appropriately 

classifying and monitoring patients at higher risk. 

Precision oncology addresses this problem by matching the 

most effective treatment to each cancer patient based on tumor 

classification and additional histopathological and/or molecular 

characteristics. Precision oncology avoids “one-size-fits-all” 

cancer treatment by offering tailored to the individual patient 

approach based on risk of the disease and their predicted 

 
This work was funded by Strategic Focus Area Personalized Health and Related Technologies (PHRT) of the  

ETH Domain, PHRT Pioneer Imaging Project nr. 2021-614. "Towards holistic tissue analyses: a PIP for 3D non-invasive histopathology of thyroid 
tumors for precision medicine" 

Corresponding author: Robert Zboray. Robert Zboray and Aurel Perren share the last authorship for this paper. 
Kiarash Tajbakhsh, Antonia Neels, and Robert Zboray are with the Swiss Federal Laboratories for Materials Science, Empa, Überlandstrasse 

129, 8600 Dübendorf, Switzerland. Kiarash Tajbakhsh, and Antonia Neels are also affiliated with the University of Fribourg, Faculty of Science and 
Medicine, Chemin du Musée 8, 1700 Fribourg, Switzerland. (e-mail: kiarash.tajbakhsh@empa.ch; antonia.neels@empa.ch; 
robert.zboray@empa.ch). 

Olga Stanowska, and Aurel Perren are with Institute of Tissue Medicine and Pathology, University of Bern, 3008 Bern, Switzerland. 
(e-mail: olga.stanowska@unibe.ch; aurel.perren@unibe.ch). 

response. Innovative technologies and concepts will allow a 

more comprehensive patient stratification. Such technologies 

include: novel imaging modalities, multi-omics analysis and 

data science. Combined, they will provide the comprehensive 

tumor classification required for precision oncology.  

Follicular thyroid carcinoma (FTC) is the second most 

common type of thyroid cancer. FTC is defined as an 

encapsulated follicular neoplasm with either capsular invasion 

(CI) or vascular invasion (VI), while the nuclear features of 

papillary carcinoma are absent [1]. These two morphological 

features, VI and CI, are therefore the diagnostic criteria used for 

its separation from benign counterparts – follicular adenomas. 

The latest WHO classification defines three FTC subtypes: 

minimally invasive if only CIs exist, encapsulated 

angioinvasive if any foci of VI exist or wildly invasive with 

extensive invasion of the thyroid parenchyma and often of 

extrathyroidal soft tissues with absent or only focally intact 

capsule [2]. Presence and extent of VI bear a significant 

prognostic relevance. Thus, WHO subdivides encapsulated 

angioinvasive FTC into extensive angioinvasive if four or more 

foci of invasion are detected and limited angioinvasive for less 

than four foci of VI [2]. American thyroid association (ATA) 

subdivide angioinvasive FTC with limited (<4) and extensive 

(>=4) invasion of vessels as low-risk and high-risk group, 

respectively [3].  

The primary assumption in follicular neoplasm assessment is 

that the follicular adenoma can only be diagnosed if complete 

capsule sampling and examination revealed no CI or VI. The 

vast majority of FTC are grossly encapsulated and of significant 

size (rarely smaller than 3 cm). However, they are 

macroscopically not discernible from follicular adenomas and 

initially sampled with few representative blocks.  Upon 

microscopic examination of prepared glass slides, the 

pathologist raises suspicion of follicular thyroid carcinoma, 

which requires subsequent complete capsule embedding, 

additional stainings, and step sections.  

Sufficient sampling is time- and resource-consuming  

and goes hand in hand with poor axial resolution and significant 

processing artefacts [4], [5]. Even though tumor capsule is 

entirely embedded, from each obtained 3mm-thick FFPE-

T 

This article has been accepted for publication in IEEE Transactions on Medical Imaging. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TMI.2024.3372602

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

mailto:kiarash.tajbakhsh@empa.ch
mailto:antonia.neels@empa.ch
mailto:robert.zboray@empa.ch
mailto:olga.stanowska@unibe.ch
mailto:aurel.perren@unibe.ch


2 IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. xx, NO. x, 2020 

 

block, the pathologist receives a 2µm-thick tissue section on a 

glass slide with an option for additional cuts on demand. 

Therefore, it is not uncommon to miss CIs or VIs in the FTCs 

which can lead to unexpected encounters of distant metastasis 

or recurrence in the follow up [6]. 

3D image reconstruction of  a tissue from a series of 

conventional histology images using whole-slide imaging 

(WSI) is an emerging application in digital pathology [7]. 

Although, initial works in this area have concluded its potential 

benefits, it is extremely labor intensive and the current accuracy 

of 3D histology is largely unknown [5]. 3D reconstruction from 

slice images faces challenges like important gaps in the third 

dimension and tissue tearing. Furthermore, the staining can 

alter tissue structure, be chemically intrusive, and affect the 

sample morphology [5]. Therefore, there is a strong emerging 

need in the clinical practice especially in the context of 

precision medicine towards “virtual” techniques for high-

resolution 3D tissue analysis [8]. 

Recent developments in X-ray imaging offer a new route to 

complementary and enhanced analyses of FTC resection 

specimens. X-rays are known for penetration which makes 

them excellent for 3D imaging. X-ray micro- and nano-CT also 

provide very high resolution, as demonstrated in a pre-clinical 

context [9], [10], [11]. However, X-ray imaging is also 

associated with low soft-tissue contrast. Nevertheless, there has 

been an interest in moving histology into the 3D domain via  

X-rays as the probe  [12], [13]. Phase-contrast X-ray imaging 

can achieve up to three orders of magnitude contrast-to-noise 

(CNR) ratio enhancement for soft tissues [14]. Phase-contrast 

techniques improve image contrast based on the phase-shifts 

imposed on the X-ray wavefront by the specimen. However, 

measurement of phase-shifts is not as straight forward as 

measuring the amplitude absorption, especially in laboratory 

settings. Different techniques exist for such measurements [15], 

namely, grating-based [16], edge illumination [17], and 

speckle-based imaging [18] each having their benefits and 

disadvantages.  

X-ray Propagation-based imaging (XPBI) is yet another  

phase-contrast technique [19], [20]. It is the simplest hardware-

wise and enables the highest possible spatial resolution of all on 

lab devices, making it a promising candidate for 3D virtual 

histology applications [21], [22]. XPBI forms an enhanced 

image by infusing wavefront phase-shift and amplitude 

information together  [23]. XPBI was initially developed at 

large-scale synchrotron facilities but has gradually been 

transferred to the laboratory utilizing X-ray micro- and nano-

focus tubes [24], [25], [26]. Hitherto, the functionality and 

applicability of XPBI have been investigated for various soft 

tissues [27], [28], [29], [30], [31]. Due to the maturity and 

commercial availability of micro- and nano-CT scanners, this 

technology should be readily available to clinics. 

XPBI micro-CT is inherently 3D, enabling virtual slicing in 

any direction. It gives access to novel prognostic information 

while allowing non-destructive imaging of specimens, 

preserving the tissue for potential further, e.g., molecular 

analyses. As a result, XPBI can be seamlessly integrated into 

the clinical pathology workflow without disrupting routine 

standards as no tissue damage is induced and no sample 

preprocessing is required. Furthermore, it is not prone to 

sectioning, staining, mounting artefacts, and site bias inherent 

in conventional histology. Thyroid follicular neoplasms can 

particularly benefit from 3D capabilities, and high isotropic 

spatial sampling of XPBI as their diagnosis requires extensive 

tissue sampling and is based purely on morphological grounds.  

The present study initiates 3D digital histopathology of 

follicular thyroid neoplasms framework based on XPBI. Using 

representative examples out of a large sample cohort, we show 

how XPBI corresponds to and complements conventional 

histology. Its potential capability in the detection of CIs are 

demonstrated. Then strategies for enabling VI detection, 

previously deemed impossible, are discussed [32]. Followed by 

a discussion on the current role of XPBI 3D virtual histology 

and its prospects.  

II. MATERIALS AND METHODS 

A. Pathology 

Tissue Biobank Bern (TBB) manages tissue samples and 

patient information according to respective regulations and 

fulfills the Swiss Biobanking Platform requirements. The 

Institute of Tissue Medicine and Pathology (ITMP) of the 

University of Bern provided the samples and pseudonymized 

patient data from the TBB according to the protocol approved 

by the cantonal ethics commission (KEKBE 2018-01657).  

54 confirmed FTC formalin-fixed paraffin-embedded blocks 

(FFPE) were reviewed and selected by O. S., and A. P., 

experienced ITMP pathologists. Top slice WSI of the selected 

FTC blocks were produced using 3Dhistech P250 scanner 

(Budapest, Hungary). Subsequently, O. S. annotated WSIs for 

CI and VI as a tool for the training K. T. and a reference for 

comprehending the visual characteristics of FTCs in XPBI. 

Then WSI-XPBI correlation was made, and K.T. annotated 3D 

images provided by XPBI which was followed by O. S. review 

and confirmation. Serial WSI was performed on three selected 

FFPE blocks to study XPBI performance. FFPE blocks were 

sliced every 30µm on ''MICROM HM 355s'' by Thermo 

Scientific). Respective patient characteristics included in this 

paper are summarized in Table III in the Appendix. 

B. XPBI micro-CT 

XPBI in the current study was carried out using a commercial 

micro/nano-CT device, EasyTom XL Ultra (RxSolutions SAS, 

Chavanod, France). The scanner features a Hamamatsu 

reflection target microfocus X-ray source L10801, and a flat 

panel detector with a thick, high-efficiency CsI converter, 

127µm pixel size, 1880x1494 pixels configuration, and 16-bit 

dynamic range.  

Several sample-specific optimization scans intending to 

maximize photon statistics while keeping a reasonable 

resolution, phase signal and practical scan times (1-2 hours) 

were performed. Whole block scans were performed with a 

90kVp tube voltage, and a tube current of 220µA, resulting in 

an output power of 20W with a focal spot of ca. 15µm. In order 

to efficiently scan our large sample cohort on the whole block 

scale, every two FFPE blocks were paired, with their respective 

wax surface normal parallel with rotation axis, and facing each 

other. This horizontal paired configuration allows us to double 

scan time compared to scanning each block individually. 

Optimally, this results in ca. 1.4 times gain in signal-to-noise-
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ratio without sacrificing scanning rate of the large sample 

cohort. Whole block scans were acquired for 1792 projections, 

4 frames per second and 30 frame averages per projection, 

resulting in 03:44 (hh:mm) scan time per two blocks. Source 

object distance (SOD) varies from 45 to 60mm depending on 

the dimensions of the tissue under examination, while source-

detector distance (SDD) was fixed at 410mm. On the whole 

blocks, a voxel size of ca. 15µm has been typically achieved. 

For detailed geometry information of the whole block scans see 

Table IV. in the Appendix. 

Based on the result of the whole block CTs, regions of interest 

(ROI) were identified and local CT has been performed. Local 

CTs were captured with the same hardware as whole blocks. 

Except tube current that was changed to maintain the smallest 

possible source spot size, ca. 4µm. Tube voltage was set to 

90kV and the current was limited to 110µA resulting in 9.9W 

output power. For the local scans, pairing strategy is not 

applicable as the small ROIs in different blocks can be in distant 

and different locations. Therefore, the single FFPE block is 

placed vertically, i. e. the surface normal of the paraffin wax is 

perpendicular to the rotation axis. The reason is, at 90kVp, 

vertical position gives approximately 15% higher CNR 

compared to horizontal position as our preliminary testing 

showed. Due to the variable ROI size, a single optimized scan 

setting could not be reached, but depending on the ROI and 

feature of interest, voxel size for the local CT varies between 3-

6µm. For detailed scan parameters of the local scans presented, 

see Table V in the Appendix. Typical scan durations needed for 

a high quality local CT varies between 4 to 8 hours depending 

on the voxel size. 

Prior to volume reconstruction, Paganin phase retrieval under 

the assumption of single-material object was applied on the 

projections. Single material object assumes β∝δ, where  

n(λ)=1-δ(λ)+iβ(λ) is the complex refraction index of the sample 

and λ is the wavelength [23]. δ/β, effective wavelength of the 

X-ray tube broad spectrum (λeff) and effective propagation 

distance (Zeff) were lumped together into a single parameter that 

determines the -6dB cut-off frequency of the Paganin filter. As 

common practice for broad-spectrum laboratory sources, the 

cut-off frequency is then tuned manually based on visual 

inspection of the image [21] [22]. For whole block CTs, with a 

typical voxel size around 15µm, the cut-off frequency ranges 

from 0.6fN to 0.8fN, where fN is Nyquist frequency. While in the 

local scans, with voxel size of 3 to 6µm, the edge enhancement 

is much more pronounced and correspondingly the optimal 

Paganin filter cut-off frequency is lower in the range of 0.10fN 

to 0.25fN. Following the phase retrieval, volume is 

reconstructed based on Feldkamp-Davis-Kress filtered back 

projection algorithm for cone-beam CT [33]. 

Table I compares CNR values of attenuattion-based 

(CNRAtt.), i. e. without phase-retrieval, and of the phase-

contrast (CNRPC) images of the Fig. 1 specimen. CNR is 

calculated between two equally sized homogenous areas of 

neoplastic tissue (ROI 1) and paraffin wax (ROI 2). These ROIs 

are presented in Fig. 1(a) with white rectangles. In Fig. 1(b) 

there is no region of the paraffin wax in the field of view, 

therefore, we selected an equally sized region of paraffin wax 

 
 

TABLE I. CNR IMPROVEMENT BY PAGANIN  

PHASE RETRIEVAL FOR THE SPECIMEN SHOWN IN FIG. 1. 

Scan 
Voxel 

size (µm) 

Scan time 

(hh:mm) 
CNRAtt. CNRPC 

Improvement 

factor 

Whole 

block 
14.9 03:44 7.79 9.71     1.25 

local 2.9 04:48 0.57 5.79    10.15 

 

in a deeper section for CNR calculation, which is not presented 

for brevity. Having the ROIs, the CNR is defined as  

CNR = |I1̅ − I2̅|/√σ1
2 + σ2

2, where I ̅,and  are the mean value 

and the standard deviation of the ROIs intensity distribution, 

respectively. While the CNR improvement for the whole block 

is modest, for local scan there is a factor 10 improvement in the 

CNR. See also Fig. 7 in appendix for visual comparison 

between attenuation-based and phase-contrast images. 

III. RESULTS AND DISCUSSION 

A. Capsular invasion 

Most authors define CI as full-thickness capsular penetration 

of the fibrous capsule wall, often manifested as mushroom-

shaped growth with a fibrous leading edge simulating the 

capsule itself. The presence of smallest CI is sufficient for the 

WHO guidelines to classify a follicular neoplasm as minimally 

invasive FTC [2]. Some authors believe observing a satellite 

nodule represents a hidden CI [34]. Therefore, SNs can also be 

used to diagnose FTC if they have the same cytomorphology as 

that seen in the main mass, especially in a  

non-adenomatous/hyperplastic background. However, not all 

authors agree with this statement [6]. In this study, we did not 

consider satellite nodules as an indicator of CI. Instead, CIs 

were identified by the point of penetration and a clear extra-

capsular mushroom-like protrusion. Point of penetration is 

defined as the location of the full-thickness penetration of the 

capsule wall by follicular neoplasm. 

One needs to divide the examined tissue into three classes of 

tissue structure for CI diagnosis. Namely, non-neoplastic, 

neoplastic, and capsule wall. Fig. 1, Fig. 2, and Fig. 3 show that 

this classification with minute details can be achieved in XPBI 

virtual slices and there is a clear correspondence to WSI 

concerning these features. Fig. 1 shows XPBI can provide 

sufficient resolution and contrast at the whole block scale to 

easily distinguish between two close cases of incomplete and 

full-thickness capsule wall penetration. In Fig. 1(a) lower left, 

we have an almost homogenous low CT gray value appearance 

of the follicular neoplasm, a characteristic of the most common 

histomorphological pattern of FTC, microfollicular FTC. We 

have non-neoplastic tissue on the right of Fig. 1(a), 

distinguishable by its inhomogeneous architecture such as the 

colloid lumen of the normal follicles. As examples, three 

colloids are marked by white circles in Fig. 1(b). In terms of 

gray value, colloids appear significantly brighter in the XPBI.  

This is due to their high Iodine content. Capsule wall bordering 

non-neoplastic and neoplastic tissue is observable in Fig. 1(a) 

and (b). Capsule is distinguishable with its fibrous texture, and 

higher gray value compared to follicular neoplasm1. 

Fig. 1(b) is the local CT of the ROI 3 indicated by white 
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Fig. 1. XPBI enables us to distinguish between two close cases of full-

thickness and incomplete capsule penetration. Two neighboring CIs, one with 
complete (red arrow) and the other incomplete (white arrow) capsule 

penetration. (a) A whole block CT with 14.9µm voxel size. ROI 1, and 2, are 

selected foreground (neoplastic tissue), and background (paraffin wax) for the 
Table I CNR calculation. (b) A local CT with 2.9µm voxel size on the  

ROI 3 in (a). White circles mark colloid lumen in the non-neoplastic tissue. 

(c) WSI showing good correspondence to the XPBI images. Black holes 

observed in CT images are mostly air embedding artifact, and in some cases 

tissue microarray biopsy sites. 

rectangle in (a). Although we have sufficient information for CI 

diagnosis from whole block CT in Fig. 1(a), a local CT provides 

higher structural visibility for a more precise diagnosis. Local 

scans require longer scan time, but they are a viable practical 

solution in ambiguous cases where more details are needed to 

conclude. Note that for our sample cohort no local CT was 

needed for CI detection. From both Fig. 1(a), and (b) it is visible 

that in case of full-thickness penetration pointed by the red 

arrow, no layer of fibrous capsule wall remains. In the other 

case, indicated by white arrow, we can observe that the capsule 

wall is not completely penetrated, hence we cannot mark it as 

CI based on the CI definition.  

Fig. 2 Shows a FTC specimen block with three foci of CI. 

Two of which are among the smallest CIs we encountered in 

our whole block CTs and WSIs with diameters of 400µm and 

800µm, testifying XPBI ability to detect the smallest CIs. 

Again, non-neoplastic tissue is visible by its bright and 

inhomogeneous texture. The capsule wall is also discernible 

with its higher gray value compared to homogenous follicular 

neoplasm. So far, we presented the microfollicular FTCs. In 

rare cases of macrofollicular FTC, a pattern seen more often in 

benign follicular neoplasms, it is also straightforward to 

distinguish three classes of non-neoplastic, neoplastic and 

capsule, as shown in Fig. 3. Our conclusion regarding CI 

detection by micro-CT is consistent with an earlier study [32]. 

  
Fig. 2. An FTC block with three foci of CI indicated by white ovals.  

(a) A whole block CT with 14.9µm voxel size showing a 4mm diameter CI deep 
in the specimen. (b) the same whole block scan as (a) but virtually sliced at a 

different depth near the surface and digitally magnified. It shows two CIs with 

roughly 400 and 800µm diameters. (c) top slice WSI of the block validating 
two CIs in (b). 

 

 
Fig. 3. Macrofollicular thyroid carcinoma with CI annotated in whole block 

CT (a), and its corresponding WSI (b). 

A. Vascular invasion 

In addition to the three structure classes required for CI 

detection, a fourth class is necessary for VI detection, namely, 

vessel wall. While, the current resolution and contrast of XPBI 

do not allow us to resolve capillaries or postcapillary venules, 

larger venules which are most important in FTC can be 

recognized. It is also not possible to detect endothelial cells 

covering the tumor thrombus, or a mixture of fibrin and tumor 

thrombus, which are standard histological VI biomarkers. As a 

result, with current XPBI technology, it seems impossible to 

resolve VIs by the established standards for conventional 

histology, which remains the gold standard for VI detection. 
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Nonetheless, we could draw characteristics of VI in XPBI 

micro-CT images and utilize 3D morphology properties from 

them to classify VIs without directly resolving the vessel walls. 

Two of these morphologies are also used in conventional 

histology. First, it is well known from conventional histology 

that tumor thrombus has a tendency to stick to the vessel walls, 

which we call adherence. Due to this characteristic morphology 

we do not expect to observe a free-floating tumor thrombus. In 

the absence of cellular resolution, adherence property helps us 

to identify the nature of matter inside the vessel, for instance, to 

discern tumor thrombus from coagulated blood. Second, small 

spacing between tumor thrombus and vessel wall called cleft, 

probably occurs during tissue embedding. Clefting aids also in 

conventional histology to identify VIs.  

Most crucial morphological feature, accessible only via XPBI 

is called vessel continuity. In XPBI, a vessel must be connected 

to a vascular network, have open ends, or at least pose an open 

end on one side of the scanned volume. Clefts and vessel 

continuity enable us to find vessels without having the 

microanatomical information. Hollow areas appearing black in 

XPBI images, resemble potential vessels and their associated 

clefts in case of VI. It is important to track them throughout the 

3D volume to check the continuity.  

While continuity, clefts, and adherence are crucial for VI 

detection, distance of the suspected VI from the capsule wall is 

also important. A VI cannot appear unreasonably far from the 

capsule and neoplastic tissue. There needs to be a connection 

between invasion and the main tumor body. Point of entry 

(POE) is defined as the location of the neoplastic cells 

penetration into the vascular space. In our experience, POE is 

often very intuitive and can offer information on the origin of 

the matter inside the vessel. In the absence of POE, we can 

utilize other properties such as gray value and the texture of the 

matter inside the vessel. A frequent source of false positive VIs 

can be coagulated blood. Suspected tumor thrombus should 

have a compatible texture and gray value as the adjacent tumor 

body. If they deviate from that of adjacent tumor body, we 

consider a coagulated blood clot as preferred diagnosis. XPBI 

micro-CT in combination with the discussed criteria, namely, 

(i) continuity, (ii) clefts, (iii) adherence, (iv) local gray level and 

texture, and (v) position, can help to identify potential VIs or to 

rule out ambiguous cases as will be demonstrated below. 

Fig. 4 shows a case where VI could be appreciated in XPBI. 

Fig. 4(a), and (b) are cropped whole block CT visualizing the 

POE at the bottom of the specimen and tumor thrombus near 

the surface, respectively. In Fig. 4(a), the white arrow indicates 

POE, a certain indicator of the suspected VI neoplastic origin. 

Red arrows show clefts, indicating the possibility that the 

neoplastic tissue is invading a vascular environment. The 

continuity of this vessel can be seen in 3D data from XPBI2. 

Yellow arrows point to the locations of tumor adherence to the 

vessel wall, another indicator that the matter inside the vessel is 

of a neoplastic origin. Fig. 4(c) and (d) are local CT scans 

corresponding to (a) and (b), respectively. Enhanced resolution 

and contrast from local CT aid in a more accurate prediction. 

For example, the yellow arrow in Fig. 4(d) indicates a new 

focus of tumor thrombus adhering to the vessel wall, which is  

 
2 Supplementary materials are available in the supporting documents 

/multimedia tab. 

 
Fig. 4. A relatively large VI (ca. 2mm) and the morphological features aiding 

in its detection. (a) Whole block CT at the depth of the specimen. White arrow 

shows POE into the vascular space. (b) Whole block CT showing tumor 
thrombus at the surface of the block. Red arrows in (a) and (b) indicate the 

vessel being invaded and its associated clefts. Yellow arrows indicate locations 

of tumor adherence to the vessel wall. (c), and (d) are Local CT slices with 
6.0µm voxel size for better visibility. (e) is the WSI of the tumor thrombus 

corresponding to (b) and (d).  

 

visible only in the local CT. Fig. 4(e) is the top slice WSI where 

tumor thrombus covered by fibrin inside the vessel wall is 

visible, confirming our conclusion from XPBI. 

Fig. 5 represents another example of a VI observed in XPBI 

and associated characteristic features in deriving our 

conclusion. Based on histology, this tumor was classified as 

low-risk angioinvasive FTC with less than four foci of VI. 

However, we found three additional foci of VI such as the one 

in Fig. 5. According to ATA classification, our findings put this 

tumor into high-risk angioinvasive FTC class [3]. The lateral 

dimension of this VI is around 500μm, one of the smallest VIs 

we could detect. Fig. 5(a) shows the whole block image and its 

insets are digitally magnified images of the ROI indicated by a 

white rectangle. Inset (1) shows the tumor thrombus and  
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inset (2) shows VI at its POE. Invaded vessel and its associated 

clefts are indicated by red arrows.  

The vessel was checked for continuity and its continuity was 

observed as it propagates from inside of the capsule to the 

outside and joins vascular network3. Furthermore, tumor 

thrombus is attached to the vessel wall, indicated by the yellow 

arrows. Since feature size is at the resolution limit of the whole 

block CT, local CT in Fig. 5(b), and (c) provides better visibility 

of adherence point and clefts. For example, fine clefts are 

visible in Fig. 5(b) and (c) whereas not present in two insets. 

Furthermore, white dashed arrow which appears to be a cleft in 

Fig. 5(a) inset (1), is shown to be an artifact by Fig. 5(b), 

judging by its spiral morphology. Subsequently, this block was 

sent for serial WSI to verify our inference from XPBI. In this 

case, after serial WSI due to the sparse sampling and destruction 

of the tissue spatial correlation, histology images alone in 

 

 
Fig. 5. A VI predicted by morphological features provided by XPBI, and 

supported by serial WSI. (a) is the whole block CT with a voxel size of 16.7µm 
showing VI at POE. Two insets are magnified images of the white rectangle 

virtually cut at different depths. Inset (1) shows tumor thrombus, and inset (2) 

shows VI at the POE. Red arrows inside insets indicate suspected vessel and its 
associated clefts. The yellow arrow points towards the location of the adherence 

of the tumor thrombus to the vessel wall, and the white arrow indicates POE. 

(b), and (c) are local CT with voxel size 3.4µm, showing insets in (a) with 
superior resolution and contrast. The white dashed arrows point out a pseudo 

cleft in whole block CT (a) that is correctly identified in local CT (b). 

Corresponding WSIs are presented in (d), and (e). 

 
3 Supplementary materials are available in the supporting documents 

/multimedia tab. 

Fig. 5(d), and (e) are arguable and cannot provide an objective 

conclusion of the suspected VI. While by the observation of the 

dynamics of the vascular network and tumor thrombus in 3D 

from XPBI and combining our information from conventional 

histology we are convinced it is a VI. 

 It is illuminative to also discuss some examples where some 

of the required morphologies for VI diagnosis based on XPBI 

are satisfied but one or more of them are violated. In Fig. 6 we 

have two cases, which are mimicking a VI at first sight. Left 

column shows a malfunctioning colloid resembling very much 

a VI in XPBI. It seems like a clear cleft (red arrow) and tumor 

thrombus adhering (yellow arrow) in XPBI. Furthermore, it is 

located just next to the capsule wall. Its gray value (green ROI) 

is also very close to that of the neoplasm (white ROI), i.e., 

significantly lower than that of the colloid lumen of a healthy 

well-functioning follicle as pointed out above in Fig. 1 (b). This 

shows that the gray value of the alleged VIs alone is not reliable  

 

 
Fig. 6. Two cases of false positive VI based on whole block XPBI images. 

The left column shows a malfunctioning colloid being identified as a VI. The 

right column shows a coagulated blood inside a vessel resembling a VI in XPBI. 
(a), and (b) are the whole block CTs. (c), and (d) are local scans of the ROIs 

indicated by the white rectangles in (a), and (b). Local scans’ voxel size is 

3.2µm. (e), and (f) are the corresponding histology images provided by serial 
WSI. 

TABLE II. QUANTITATIVE GRAY VALUE COMPARISON OF FIG. 6. 

ROI Mean gray value Standard deviation of mean 

Fig. 6(c) green 19918 80 

Fig. 6(c) white 20862 53 

Fig. 6(d) green 36608 37 
Fig. 6(d) white 31348 35 
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as an identifier. This structure lacks some typical features of VI 

discussed above. First, the suspected vessel extent is limited and 

poses a globular shape. Thus, it does not have required 

continuous morphology. Additionally, there exists no POE 

whereas the complete extent of the suspicious feature is covered 

in this FFPE block. This finding underlines the importance of 

using the full three-dimensionality of the XPBI data for the 

correct identification of VIs. Finally, local CT in Fig. 6(c) 

shows the gray value distribution in this structure is 

inhomogeneous contrary to texture of the neoplastic tissue.  

On the right column of Fig. 6, we have a coagulated blood as 

shown by serial WSI Fig. 6(f). The coagulated blood is 

surrounded by a vascular space indicated by a cleft (red arrow) 

as expected. It is very similar to a VI as the vessel possesses 

continuity and the coagulated blood has a homogenous 

appearance on the XPBI. However, some features prevent false 

identification. Mean gray value of the coagulated blood (green 

ROI) is higher than that of the neoplastic tissue (white ROI). 

We assume this is partially due to the iron content of 

hemoglobin present in the erythrocytes. For comparing 

purposes gray values of the ROIs in Fig. 6(c), and (d) are given 

in Table II. Note that, a gray value threshold cannot be used as 

a sole and universal indicator to distinguish these complex 

structures. It is used here only as a part of multi-indicator set 

including morphology, texture, and gray value. Furthermore, 

the location itself can also be a helpful feature. We do not 

expect a VI where the suspicious vessel is separated by a thick 

capsule wall, far away from the neoplastic tissue. Adding to that 

there is no extensive CI in its proximity. Again, there exists no 

POE observable in the examined volume. Also, local XPBI in 

Fig. 6(d) shows that the coagulated blood is not attached to the 

vessel wall, hence, in this case presence of coagulated blood is 

favored over neoplastic tissue. 

A.  Discussion and Conclusions 

Previous studies have tried to relate capsule thickness to the 

malignancy of thyroid tumors [35], [36]. XPBI can provide a 

non-destructive quantitative analysis of capsule properties such 

as volume, thickness, and porosity, without morphology 

alteration associated with sectioning and staining. Therefore, 

XPBI opens new opportunities to look, explore and further 

enhance our understanding of encapsulated thyroid tumors 

besides providing us with a novel method for 3D CI detection 

in FTCs. Additionally, XPBI can be a valuable tool to examine 

capsular pseudoinvasion in the worrisome histologic alterations 

following fine needle aspiration [37]. Resolving capsular 

pseudoinvasion might have significant clinical consequences 

and may reduce misdiagnosis in thyroid carcinomas. 

Earlier studies on FTCs virtual histology excluded the 

possibility of VI diagnosis by attenuation-based micro-CT [32]. 
However, with the proposed VI detection model built on the 

basis of morphological properties, in combination with a 

multiscale XPBI approach, we believe it is possible to detect 

potential VIs.  This leads to a combined VI detection strategy, 

first by identifying ROIs with features of potential clinical 

interest on a whole block scale, followed by subsequent high-

resolution local CTs on those ROIs. For laboratory XPBI in 

cone-beam geometry, both the resolution and the phase-contrast 

improve due to the larger propagation distances, smaller X-ray 

emission spot size and smaller voxel size. Nonetheless, local 

XPBI micro-CT still does not provide cellular resolution and 

contrast as high magnification WSI images. A limiting factor 

for high-quality and very high-resolution local XPBI micro-CT 

on a ROI in a FFPE block is the parasitic attenuation of 2-3cm 

paraffin and tissue that needs to be penetrated. This renders 

reaching cellular resolution and even better soft tissue contrast 

on FFPE blocks difficult. Where cellular resolution and 

improved contrast are desired, a promising option is to use 

XPBI micro/nano-CT on e.g. individual tissue microarray cores 

(typically sub-mm sized in diameter,) punched out of ROIs 

from FFPE blocks.  

At the current state, XPBI has the capacity to aid and 

complement histology as a screening tool of the complete 

capsule inspection to either detect CIs or to highlight VI 

hotspots for confirmation by conventional histology. However, 

significant improvements are expected in this technology with 

the advent of powerful micro-focus liquid-metal-jet X-ray 

sources [38], and photon-counting detectors [39]. Furthermore, 

the process can be aided and accelerated by improving image 

quality in post-processing [40], [41]. Automated/semi-

automated evaluation of these images can also provide faster, 

and more objective inspection of the images [42]. On the other 

hand, for full exploitation of FTC 3D thyroid virtual histology, 

we find it crucial to perform extensive studies on VI 

characteristics based on XPBI. This will not only develop this 

method further, but also provide a deeper understanding of VI 

that might be of interest to a wider community of physicians. 

The method exhibits great potential for integration into the 

clinical workflow as a non-destructive and precise virtual 

histology technique. In the longer term, XPBI can become an 

important pillar in next-generation 3D virtual histology where 

extensive spatial sampling is required such as for follicular 

thyroid neoplasms.  

 Successful translation and integration of innovative 

approaches into clinical settings often require a rigorous 

validation process against well-established standards, which 

involves conducting numerous comparative studies, and XPBI 

is also no exception. Certainly, looking at and interpreting 3D 

stacks of XPBI is unconventional for pathologists but not 

unprecedented as some initial studies showed [32].  

Pathologists need proper training to be able to effectively 

interpret grayscale morphological images produced by XPBI. 

Additionally, implementing a dedicated micro-CT system in a 

clinic necessitates the presence of trained technicians to operate 

it. While the initial and running costs associated with micro-CT 

system are not prohibitively expensive, when considering the 

comprehensive picture, the cost-benefit ratio may appear 

relatively high. It is however crucial to recognize the diverse 

range of ex-vivo diagnostic applications that are currently being 

developed or has been developed based on micro-CT scans. 

This indicates that the utility of such devices extends beyond 

sub-classification of FTCs alone and synergetic use of such 

device in other areas would significantly improve the cost-

benefit ratio. Ultimately, the implementation of XPBI and 

dedicated micro-CT systems can prove to be a viable tool, 

particularly in larger university hospitals where there is a strong 

emphasis on clinical innovation. 
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 We have examined and discussed the capabilities of XPBI 

micro-CT for 3D virtual histopathology of whole block FTC 

specimens for potential use in precision pathology of follicular 

thyroid neoplasms. XPBI 3D virtual histology of FTC has 

proved to be a valuable screening tool to detect foci of interest 

(potential CI/VI) at the time of initial microscopy, when 

necessity for full capsular embedding is raised. XPBI 3D virtual 

histology enables ordering precisely targeted histology cuts, 

sparing time, reducing workload and, most of all, enhancing 

diagnostic adequacy. Through the utilization of this method, the 

detection of VIs/CIs within tumors can be carried out in a 

notably more efficient manner. As a result of this improved 

diagnostic approach, there is a significant reduction in the 

likelihood of under and over treatment in FTCs. XPBI 

facilitates implementation of precision oncology, allowing for 

more targeted and effective treatment strategies, in a more 

efficient manner. 

IV. APPENDIX 

 TABLE III. PATIENT CHARACTERISTICS AT THE TIME OF DIAGNOSIS. 

# Sex Age 
pT-

Classification 

UICC 8th Ed 

Tumor 
size 

(cm) 

VI CI 

1 W 36 T2 3 <4(2 spots) Minimal 

2 W 74 T3 5 <4 Minimal 
3 W 47 T3 4.5 ≥4 (4 spots) Minimal 

4 W 38 T3 5.9 ≥4 Minimal 

5 W 72 T3b 15 ≥4 Wide 
6 W 48 T1b 1.5 0 Minimal 

7 W 22 T1b 2 1 Minimal 

 

 

 
Fig. 7. A visual comparison between phase-contrast (a) and pure absorption-
based (b) image of Fig. 1(b). The CNR of phase-contrast image is 

approximately ten times higher.  

 
 

 

 
 

TABLE IV. SCAN GEOMETRIES FOR THE WHOLE BLOCK SCANS 

 
SOD 

(mm) 

SDD 

(mm) 

Voxel size 

(µm) 
Magnification 

Zeff 

(mm) 

Fig. 1(a) 48 410 14.9 8.5 42 
Fig. 2(a), (b)    48   410 14.9 8.5 42 

Fig. 3(a) 48 414 14.8 8.6 43 

Fig. 4(a), (b) 54 410 16.6 7.6 47 
Fig. 5(a) 54 413 16.7 7.6 47 

Fig. 6 (a) 55 410 17.1 7.4 48 

Fig. 6 (b) 52 409 16.0 7.9 45 

 

TABLE V. LOCAL SCANS PARAMETERS. 

 
SOD 

(mm) 

SDD 

(mm) 

Voxel size 

(µm) 
Magnification 

Zeff 

(mm) 

Scan time 

(hh:mm) 

Number of 

projections 

Number of frame 

averages 

Exposure time 

(s) 

Fig. 1(b), and 

Fig. 7(a), (b) 
27 1163   2.9 43.1 27 04:48 1152 30 0.5 

Fig. 4(c), (d) 28 594       6.0         21.2 28 05:20 1440 40 0.3̅ 
Fig. 5(b), (c) 30 1163   3.2     37.5 31 06:24 1152 20 1 

Fig. 6 (c) 29 1163   3.2     40.1 29 09:36 1152 30 1 
Fig. 6 (d) 29 1163   3.2     40.1 29 08:39 1152 30 0.9 
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