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ARTICLE INFO ABSTRACT
Keywords: Background: Non-small cell lung cancer (NSCLC) patients without lymph node (LN) metastases (pNO) may exhibit dif-
Micro-CT

ferent survival rates, even when their T stage is similar. This divergence could be attributed to the current pathology
practice, wherein LNs are examined solely in two-dimensional (2D). Unfortunately, adhering to the protocols of 2D
pathological examination does not ensure the exhaustive sampling of all excised LNs, thereby leaving room for unde-
tected metastatic foci in the unexplored depths of tissues. The employment of micro-computed tomography (micro-CT)
facilitates a three-dimensional (3D) evaluation of all LNs without compromising sample integrity. In our study, we
utilized quantitative micro-CT parameters to appraise the metastatic status of formalin-fixed paraffin-embedded
(FFPE) LNs.

Methods: Micro-CT scans were conducted on 12 FFPEs obtained from 8 NSCLC patients with histologically confirmed
mediastinal LN metastases. Simultaneously, whole-slide images from these FFPEs underwent scanning, and 47 regions
of interest (ROIs) (17 metastatic foci, 11 normal lymphoid tissues, 10 adipose tissues, and 9 anthracofibrosis) were
marked on scanned images. Quantitative structural variables obtained via micro-CT analysis from tumoral and non-
tumoral ROIs, were analyzed.

Result: Significant distinctions were observed in linear density, connectivity, connectivity density, and closed porosity
between tumoral and non-tumoral ROIs, as indicated by kappa coefficients of 1, 0.90, 1, and 1, respectively. Receiver
operating characteristic analysis substantiated the differentiation between tumoral and non-tumoral ROIs based on
thickness, linear density, connectivity, connectivity density, and the percentage of closed porosity.

Conclusions: Quantitative micro-CT parameters demonstrate the ability to distinguish between tumoral and non-
tumoral regions of LNs in FFPEs. The discriminatory characteristics of these quantitative micro-CT parameters imply
their potential usefulness in developing an artificial intelligence algorithm specifically designed for the 3D identifica-
tion of LN metastases while preserving the FFPE tissue.

Lung cancer
Lymph node metastasis

Introduction treatment.’* The presence of LN metastases in NSCLC not only impacts ad-
juvant chemotherapy decisions but also influences the decision-making

Non-small cell lung cancer (NSCLC) is an aggressive malignancy, and process for radiotherapy in N2 disease.?™> Accurate detection of LN status
lymph node (LN) metastasis of resected NSCLC is both an important is critical. However, 30-40% of patients with stage I NSCLC experience
negative prognostic factor and a determinant of appropriate adjuvant post-operative local recurrence and distant metastasis despite histologically

Abbreviations: CT, Computed tomography; NSCLC, Non-small cell lung cancer; MLN, Mediastinal lymph nodes; LN, Lymph node; Micro-CT, Micro-computed tomography; 2D, Two-
dimensional; 3D, Three-dimensional; HE, Hematoxylin and eosin; FFPE, Formalin-fixed and paraffin-embedded; ROI, Region of interest; OV/TV, Object volume; TV, Tissue volume; ST,
Structural thickness; IS, Intersection surface; SMI, Structure model index; SLD, Structure linear density; Cn, Connectivity; CnD, Connectivity density.
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confirmed curative resection and tumor-free LNs (pNO).3’6’7 Thus, long-
term survival in a major subgroup of NO patients remains unsatisfactory.®”
This might be attributed to suboptimal LN dissection or inadequate histopa-
thological evaluation.>®'° Two potential explanations exist for this phe-
nomenon: micrometastases in hematoxylin and eosin (H&E)-stained
slides may have been overlooked during histopathological examination,
or even though a metastatic focus is present in the deeper layers of the
formalin-fixed and paraffin-embedded (FFPE) tissue, the tumor might be
absent in the H&E slides. While serial sectioning of FFPEs followed by im-
munohistochemical examination could enhance the precision of detecting
deep-seated LN metastases, this method is both time-consuming and
expensive.'!

Micro-computed tomography (micro-CT) uses cone-shaped beams for
reconstruction and back-projection. The volumetric voxel size is almost 1
million-fold smaller than that of conventional CT, approximately 1-50 m,
leading to detect microchanges in the tissue. Micro-CT has many applica-
tions given the good resolution and non-invasive nature of the technique.'?
The three-dimensional (3D) images allow both quantitative and qualitative
evaluation.'® Micro-CT is non-destructive and further scans and other in-
vestigations are possible. Micro-CT is widely employed by bone and dental
researchers. Bone biologists have enthusiastically adopted laboratory
micro-CT systems because they afford 3D views of the architecture and
mechanical competence of the trabecular and cortical bones of both clinical
biopsy samples and animal models of disease.'* In any research field,
micro-CT non-destructively and directly yields 3D images'*>'® with infor-
mation on the internal structures of materials ranging from industrial
equipment to human tissues. Micro-CT is a non-invasive ex-vivo imaging
tool that reveals internal 3D structures of opaque samples at sub-micron
resolution.'” Although there is substantial literature on the use of micro-
CT to characterize musculoskeletal tissues, especially in the field of
dentistry, only a few studies have evaluated other human tissues.'* Lung
studies have commonly focused on small samples, both in vivo and
ex vivo. When evaluating the lung specimens ex vivo, micro-CT devices op-
erate at very small scales with high radiation doses, yielding digital images
with micrometer resolution, enabling the diagnosis of pulmonary diseases
that manifest at the microanatomical scale.'®*? Micro-CT exhibits many
clinical applications across a wide spectrum of pulmonary pathologies, in-
cluding chronic restrictive and obstructive lung diseases as well as lung can-
cer; comparative studies of the human lung are rare.>>**® Apart from high-
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resolution images of hard tissue samples, histometric features of the visual
microarchitecture can be converted into numerical data; structural vari-
ables that can be statistically analyzed are generated from the visual
microarchitectural features of tissues.

Following surgery, NSCLC patients with pNO disease exhibit divergent
survival durations, even when the tumor (T) stage is the same.’ Beyond var-
iations in the intrinsic biological characteristics of tumors, in some in-
stances, this divergence may arise from the limitation of current
histopathological methods to comprehensively assess all LN tissues.
Micro-CT facilitates the generation of 3D images for entire FFPE tissues,
providing numerical values for structural variables. This technique evalu-
ates areas within FFPEs that aren't covered by 2D histopathological sec-
tions. Our main goal is to distinguish differences between non-tumoral
and metastatic regions within FFPE blocks of LNs, using micro-CT images
and extracting numerical parameters.

Materials and methods

The study was approved by the Institutional Review Board of the Uni-
versity Faculty of Medicine [IRB no. 16-287-19]. Twelve LN FFPE samples
from eight patients diagnosed with NSCLC during routine pathology work-
up were used. All patients underwent surgery in the Department of Tho-
racic Surgery, Ankara University Faculty of Medicine, and LN metastases
were confirmed histologically. None of them received neoadjuvant treat-
ment. H&E-stained 4-5-um-thick sections from the 12 FFPEs were scanned
using the Panoramic 250 Flash digital scanner (3DHISTECH, Budapest,
Hungary). Forty-seven ROIs (17 metastatic foci, 11 normal lymphoid tis-
sues, 10 adipose tissues, and 9 anthracofibrosis) were marked on the virtual
slides by two pathologists. A different random color (red, yellow, green,
blue, or gray) was assigned to each ROI on each slide to differentiate the
ROIs (Fig. 1). The workflow is shown in Fig. 2.

Micro-CT

After obtaining the sections for routine pathology work-up, the FFPE
block was removed from the cassette, along with the paraffin, using a
knife. Following scanning, the FFPE tissue adhered to the block using liquid
and hot paraffin, maintaining the tissue's original orientation. To ensure the
compatibility of the micro-CT images and the virtual histopathological

Fig. 1. Whole-slide images of three adenocarcinoma cases and the regions of interest (ROIs) that were evaluated with micro-CT for structural parameters (a—c). ROI-Cs (white
circles) to represent carcinoma areas; ROI-Ns (blue circles) to represent non-tumoral pulmonary parenchyma within the same paraffin blocks. Insets show three of the ROI-Cs

(HE; original magnification WSIs: 0.4 X, insets:10 X ).
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Fig. 2. Schematic view of the workflow.

slides, the FFPE tissues were placed at right angles to the blocks using a
specimen holder. A high-resolution desktop micro-CT system (Bruker
Skyscan 1275, Kontich, Belgium) was used to scan tissues within the blocks.
The scan parameters have been described previously.?® Before scanning
and reconstruction, the beam-hardening correction and optimal contrast
limits were set according to the manufacturer's instructions.

Image analysis

NRecon (ver. 1.6.10.5, SkyScan) and CTAn (ver. 1.19.11.1, SkyScan)
were used for visualization and quantitative measurements. We employed
a modification of the algorithm described by Feldkamp et al. to obtain
axial 2D 1000 X 1000-pixel images.>” In terms of the reconstruction vari-
ables, the ring artifact correction and smoothing were set to zero and the
beam artifact correction to 40%. NRecon was used to reconstruct 2D slices
of the specimens. Cross-sectional images were reconstructed from the entire
volume of each paraffin block. CTAn was employed for analysis. The recon-
structed images were further processed by Skyscan CTVox (ver. 3.3.1) to
allow visualization by referencing the H&E-stained sections. Guided by
both the virtual slides and 3D micro-CT volumes ROIs were drawn to in-
clude different areas (Fig. 1). Forty-seven ROIs were colored on both the
histopathological and micro-CT images. The evaluator of the micro-CT
images (KO) was blinded to the nature of the ROIs.

When differentiating metastatic areas from non-tumoral areas tissues,
an appropriate threshold is required. To this end, original grayscale images
were processed using a Gaussian low-pass filter for noise reduction
employing a semi-automatic global threshold method. After thresholding
(binarization), the images featured black and white pixels. Then, for each
slice, an ROI that contained a single complete object was defined before
the calculation of various parameters.

A radiologist with 15 years of experience with micro-CT (KO) per-
formed all evaluations. The CTAn software was fully exploited when ana-
lyzing the 3D microarchitecture. We measured the percentage object
volume, intersection surface, structural thickness, structural linear density,
connectivity, connectivity density, and closed and open porosities; all were
based on the volume of the ROI

The percentage of object volume relative to the total tissue volume is
widely used by pathologists to measure object gain or loss, i.e., the fraction
of a volume of interest occupied by tissue.

Structural thickness refers to both the thickness of all tissues and the
mean thickness of different tissues. The intersection surface is that of tissue
contact. The software measures both the total surface area of the ROI and
the extent of the ROI surface intersected by binarized tissue. This allows tis-
sue contact surfaces to be measured at virtual ROI boundaries.

The structural linear density is any value per unit length. The term "lin-
ear density" is commonly used when describing the characteristics of 1D ob-
jects, although it is also used to describe the density of a 3D quantity in one
particular dimension. Just as density is commonly taken to mean mass den-
sity, linear density often refers to linear mass density. Connectivity de-
scribes the topology of porous tissue. Connectivity density is a measure of
the extent of tissue connectivity normalized to the total tissue volume. Sev-
eral parameters, including the number, volume, total surface, and pore
numbers and percentages, can be used to describe porosity. Pores are typi-
cally classified as closed or open. An open pore intersects with an ROI
boundary and is thus connected to the outside in 2D or 3D; a closed pore
does not intersect or connect. Closed pores are black pixels surrounded by
a border of white pixels. We measured the percentages of closed and
open pores over the entire specimen volume.

Statistical analysis

Data analyses were performed using IBM SPSS Statistics for Windows
version 23. The normal distribution of data was assessed by the Shapiro—
Wilk test. Two group comparisons (tumoral and non-tumoral ROIs) were
performed using the independent t-test or the Mann-Whitney U test, de-
pending on whether the data were normally distributed or not. A p-value
less than 0.05 is considered statistically significant. K-means clustering
was employed to classify patients into four different clusters and then into
two clusters (tumoral and non-tumoral ROIs) based on the relevant vari-
ables. The Cohen’s Kappa coefficient was used to assess the results obtained
from cluster analysis. The optimal cut-off values were detected by receiver
operating characteristic (ROC) analysis.
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Results

Each color represented a different ROI in each FFPE to avoid bias; the
data for the 47 ROIs are shown in Supplementary Table 1. Again, to avoid
bias, four different clusters were blindly created based on the variables sub-
jected to cluster analysis, and the distributions within these clusters of
tumor, lymphoid, anthracofibrotic, and adipose tissue areas, were deter-
mined overall and for each variable (Table 1). Open porosity (100%) and
structural linear density (94.1%) for tumor areas; connectivity (100%)
and closed porosity (100%) for lymphoid tissues; intersection surface
(100%), structural thickness (100%), structural linear density (100%), con-
nectivity density (100%), and open porosity (100%) for anthracofibrotic
areas; and structural thickness (100%) for adipose tissues were the param-
eters with the highest accuracies. When all variables were included among
the four clusters, lymphoid tissue had the highest accuracy and tumor areas
the lowest (Table 2). To identify the variables with high accuracy in detect-
ing target areas, eight subgroups were formed for the seven variables in
Table 2, and the analyses were repeated. In the subgroup analyses, closed
and open porosities best identified tumoral and anthracofibrotic areas,
while connectivity and closed porosity best identified lymphoid and adi-
pose areas (Table 2).

As our main purpose was to identify tumor areas in LNs, using data from
37 ROIs in Supplementary Table 1, k-means clustering analyses and de-
scriptive statistics were performed by dividing these ROIs into two groups:
tumor (n=17) and non-tumor areas (lymphoid areas=11 and
anthracofibrotic areas=9) (Table 3). ROC analysis revealed that tumor
and non-tumor ROIs were successfully differentiated by the structural lin-
ear density, connectivity, connectivity density, and percentage of closed po-
rosity (kappa coefficients: 1, 0.90, 1, and 1, respectively). ROC analysis also
revealed that ROIs with a structural linear density >=1.67 (sensitivity 1,
specificity 1), connectivity > = 1990 (sensitivity 1, specificity 1), connectiv-
ity density >=48.22 (sensitivity 1, specificity 1), and/or closed porosity
>=4.29% (sensitivity 1, specificity 1) were tumor areas (Supplementary
Table 1).

Discussion

While NSCLC carries a fatal prognosis, early-stage patients who un-
dergo surgery can achieve long-term survival. Those without LN
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metastasis (pNO) typically experience better survival rates. The 5-year
survival rate for NSCLC patients with ¢T1/2 NO disease ranges from
62% to 88%," signifying that 12-38% of patients experience mortality
within 5 years. The cause of death within this population remains ambig-
uous. Potential factors such as down-staging, attributed to incomplete
evaluation of the entire LN FFPE, and undertreatment could be contrib-
uting to these fatalities. Adjuvant therapy is generally not recommended
for patients with a tumor diameter of 4 cm and pNO status. Conversely,
pN1 or pN2 status is associated with poor survival and is an indication
for adjuvant systemic therapy. In recent decades, the advent of targeted
therapies and immunotherapies has significantly enhanced long-term
survival rates. Consequently, factors influencing the decision to initiate
adjuvant systemic treatment, particularly LN metastasis, have gained
even greater significance.

Systematic LN dissection stands as a pivotal element in lung cancer
surgery. The LN stations in the lung cancer staging system undergo his-
topathological evaluation. Typically, LNs are sliced to a thickness of
approximately 2 mm, subjected to macroscopic examination for me-
tastases, and completely embedded in paraffin blocks. Metastasis de-
tection relies on 2D H&E-stained sections from the first layers of
FFPEs. While macro-metastases are readily apparent, it is possible to
miss micro-metastases lying deep in the tissue. This circumstance
may, in part, elucidate the variation in survival times among NO
cases with similar T stages. In other words, some NO cases may harbor
metastatic foci within the FFPE tissue, potentially eluding detection by
the pathologist. Consequently, certain pNO cases might be pN1 or
even pN2.

Although it is theoretically possible to examine the entire FFPE during
routine pathology examination, this is very expensive and time-
consuming. Recently, 3D reconstructions of whole-slide histological data
have revealed new diagnostic patterns given the improved correlations be-
tween imaging modalities.>> However, it remains necessary to prepare at
least 100200 serial, glass slide-mounted tissue sections.> Until recently,
there was no non-destructive method available that allowed the preserva-
tion of tissue while evaluating an entire LN in an FFPE block. Micro-CT is
a relatively new imaging method with a voxel size volumetrically almost
1 million times smaller than that of conventional computed tomography
(CT) and allows researchers to collect both quantitative and qualitative in-
formation on various sample types by obtaining 3D images with sub-micron

Table 1
Detection percentage of tumor, lymphoid, anthracofibrotic and adipose tissue areas in four different clusters created by K-means clustering.
ROI
Tumour (n=17) Lymphoid tissue (n=11) Anthracofibrotic (n=9) Adipose tissue (n=10)
Variables % % % %
1. Intersection surface 82.4 54.5 100 80
2. Structural thickness 64.7 81.8 100 100
3. Structural linear density 94.1 81.8 100 60
4. Connectivity 58.8 100 88.9 90
5. Connectivity density 52.9 63.6 100 90
6. Closed porosity (%) 88.2 100 88.9 80
7. Open porosity (%) 100 72.7 72.7 40
Table 2
For eight subgroups, detection percentage of tumor, lymphoid, anthracofibrotic and adipose tissue areas in four different clusters created by K-means clustering.
Set A (%) Set B (%) Set C (%) Set D (%) Set E (%) Set F (%) Set G (%) Set H (%)
ROI identified in LN am! (1+2+3+6+7) (2+3+6+7) (B3+6+7) 6+7) (3+4+6) (4+5+6) (4+6)
Tumour (n=17) 58.8 100 100 100 100 58.8 58.8 58.8
Lymphoid tissue (n=11) 100 72.7 72.7 72.7 72.7 100 100 100
Anthracofibrotic (n=9) 88.9 100 100 100 100 88.9 88.9 88.9
Adipose tissue (n=10) 90 50 50 50 50 90 90 90

! variables: 1: Intersection surface, 2: Structural thickness, 3: Structural linear density, 4: Connectivity, 5: Connectivity density, 6: Closed porosity (%), 7: Open

porosity (%).
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Table 3
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Kappa coefficients for the results obtained from cluster analysis, and ROC analysis results of tumoural and non-tumoural areas

Variables Kappa coefficient Sensitivity Specificity Area under the ROC curve Cut off value
Intersection surface 0.48 0.88 0.45 0.47 31.32
Structural thickness 0.48 1.00 0.75 0.95 0.72
Structural linear density 1 1.00 1.00 1.00 1.67
Connectivity 0.90 1.00 1.00 1.00 1990
Connectivity density 1 1.00 1.00 1.00 48.22
Closed porosity 1 1.00 1.00 1.00 4.29
Open porosity 0.43 1.00 0.00 0.02 19.92
resolution through micro-CT. Micro-CT is generally used to obtain precise Author Contribution

information about the internal structure of materials. It is known to be
used in the industrial field and materials sciences such as engineering, mi-
croprocessor production, and dealing with materials such as stone and
metal.?*~?® There are a few studies using micro-CT in the examination of
human tissues.'>>*°

Micro-CT yields high-resolution 3D images along any direction
within the volume of a specimen without sectioning of soft or calcified
tissues and thus facilitates a better understanding of disease.>~>* How-
ever, studies on various tissues have reported very different correlations
between micro-CT and histopathological data.>®®® Given that
histomorphometric measurements are inherently 2D and micro-CT as-
sessments provide 3D perspectives, disparities between the two method-
ologies are anticipated.

Micro-CT not only produces high-resolution tissue images but also al-
lows the conversion of histometric properties from the visual
microarchitecture into numerical data that can be subjected to statistical
analysis. The micro-CT morphological measurements are highly correlated
with histomorphometric data that serve as the gold-standard when evaluat-
ing bone microarchitecture.>” Our study highlights the capacity of micro-
CT imaging to complement—and in terms of specific diagnostic questions
(tumor volume and margin), potentially even replace—slide microscopic
imaging to guide clinical decisions. Although the approach differs greatly
from conventional histopathological evaluation, more innovations and de-
velopments are to be expected. Radiomics and artificial intelligence appli-
cations are increasingly being used to support medical decisions. The
numerical data obtained via micro-CT examination may take visual histo-
pathological evaluation to a level at which artificial intelligence algorithms
can be employed. The success of machine learning (ML) algorithms in terms
of automating tasks that are not analytically well-defined indicates that
such methods engage in automated feature extraction and are thus better
than computer vision-based approaches. In the future, after ground truth-
based training, an ML algorithm may be able to automatically extract
radiomic features that identify lung cancer and metastases in micro-CT im-
ages. We identified certain numerical parameters that may serve to train
ML models. As the precise geometry, position, and orientation of each fea-
ture are known in advance, such an approach may be significantly better
than manual data labeling in terms of accuracy and robustness. Ultimately,
micro-CT may be capable of automatically detecting NSCLC metastases.

Conclusions

Micro-CT was found to be very useful and non-destructive for analyzing
whole FFPE block, including LN metastases. Our findings indicate that the
quantitative structural variables obtained through micro-CT effectively dif-
ferentiate between tumoral and non-tumoral areas within FFPE block from
mediastinal LNs. This pilot study, offering a new and numerical point of
view, may pave the way for the development of an artificial intelligence al-
gorithm. Nevertheless, further investigations with larger sample sizes are
imperative to solidify these findings.
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