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Abstract  Background: Historically, cancer diagnoses have been made by pathologists using
two-dimensional histological slides. However, with the advent of digital pathology and arti-
ficial intelligence, slides are being digitised, providing new opportunities to integrate their
information. Since nature is 3-dimensional (3D), it seems intuitive to digitally reassemble the
3D structure for diagnosis.

Objective: To develop the first human-3D-melanoma-histology-model with full data and code
availability. Further, to evaluate the 3D-simulation together with experienced pathologists in
the field and discuss the implications of digital 3D-models for the future of digital pathology.
Methods: A malignant melanoma of the skin was digitised via 3 um cuts by a slide scanner; an
open-source software was then leveraged to construct the 3D model. A total of nine pa-
thologists from four different countries with at least 10 years of experience in the histologic
diagnosis of melanoma tested the model and discussed their experiences as well as implications
for future pathology.

Results: We successfully constructed and tested the first 3D-model of human melanoma.
Based on testing, 88.9% of pathologists believe that the technology is likely to enter routine
pathology within the next 10 years; advantages include a better reflectance of anatomy, 3D
assessment of symmetry and the opportunity to simultaneously evaluate different tissue levels
at the same time; limitations include the high consumption of tissue and a yet inferior re-
solution due to computational limitations.

Conclusions: 3D-histology-models are promising for digital pathology of cancer and mela-
noma specifically, however, there are yet limitations which need to be carefully addressed.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Digital pathology is rapidly evolving, providing novel
opportunities for expert support, such as with the help of
artificial intelligence (AI). [1] Given the lack of experi-
enced pathologists, the promise of Al and digital tools
for pathology in general lies in their ability to enhance
the accessibility, efficiency, and precision of tissue ana-
lysis.

In the field of skin cancer, considerable promise for
computer-assisted digital tissue analysis has been de-
monstrated in various studies focusing on melanoma
[2-4] as well as non-melanoma skin cancers [5].

All of these approaches build on 2-dimensional
tissue analysis, which is a conventional approach that
dates back to a time when the microscope was the
standard vehicle to diagnose for pathologists. The
emergence of digital pathology has presented a unique
opportunity to reconnect tissue slides back to the
original tumour, enabling pathologists to “fly through
tumours” and challenging the slide-by-slide approach.
Further opportunities include the digital predictions
based on whole tumours instead of single slides; i.e. of
metastasis or survival in cancer patients. [6-8].

The history of generating 3D models from histology
dates back to the early 2000s and these early approaches
have been covered in the survey paper by Pichat et al. [9].
Recent works focus on building 3D models from his-
tology for organs like the human brain [10-12] or the
mouse prostate [13-15]; but do not include human ex-
perts in the evaluation of the generated model.

Additionally, there is currently no published 3-dimen-
sional model for the primary diagnosis of human skin
cancer.

Consequently, we developed the first fully 3-dimen-
sional model of a human melanoma and tested it with
nine experienced pathologists from four countries who
specialise in the diagnosis of melanocytic lesions. We
share full code and data to ensure reproducibility and
further development.

2. Methods
2.1. Study design

After ethics consent was obtained, one half of an ar-
chived, fully anonymized human melanoma was col-
lected from a local laboratory (DK), cut into 3 um thin
sections, which were then digitised and reassembled to a
3D-melanoma-model, that can be viewed from any
angle. All slides were digitised with a slide scanner and
retained by DK. Then, 17 expert pathologists were in-
vited to test the model via a link and fill out a related
survey via email within the next 14 days. A total of nine
expert pathologists completed the task within time.
Details on each of the steps are found below.

2.2. Ethics approval

Ethics approval was obtained from the ethics committee
of the Medical Faculty of Mannheim of the University
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of Heidelberg, 68131 Mannheim, Germany, before the
study was conducted.

2.3. Preparation of the tissue sample

A fully anonymized, human melanoma (superficial
spreading melanoma, Breslow thickness 0.7 mm, no ul-
ceration or regression, no nevus-association, pTla,), was
obtained from a local dermatopathology lab (DK). The
tissue originated from a formalin-fixed, paraffin-embedded
block. The tissue block was vertically cut into half, the
slides used originally for diagnosis were retained by DK;
the remaining tissue was cut into sections of 3 pm thick-
ness. The sections were put on glass slides in the order
from proximal to distal. Both halves were stained with
Hematoxylin and Eosin. The originating Hematoxylin and
Eosin slides were digitised with a Leica Aperio AT?2 slide
scanner and all tissue slides were then archived by DK.

2.4. Construction of the 3D-model-architecture

In Fig. 1, the model generation process is visualised. From
the digitised slides, each tissue section was cropped out
separately, the background was removed using Otsu’s
thresholding method [16] and the files were stored in se-
quential order. Through this procedure, 66 images were
obtained for one half of the melanoma, with each image
representing one section in z-direction. While the original
scan resolution was 0.25 um / pixel (40x magnification),
the images were downscaled to a resolution of 1 um / pixel,
due to computational limitations in the alignment method,
and the images were further adjusted such that each image
had the same size of 8700 X 3900 pixels. For spatial
alignment of the image sequence, the TrakEM?2 plugin of
the open-source software Fiji [17] was used. For the
alignment of the image sequence, the Elastic Stack
Alignment [18] algorithm was chosen and the hyperpara-
meters were iterated for multiple rounds to obtain a vi-
sually satisfying overlap between the images.

1.) Crop out individual sections

From the TrakEM?2 plugin, the aligned images were
exported in the Tagged Image File Format file format and
had to be re-adjusted to the input size of 8700 X 3900
pixels. To store the aligned sections in single file format,
the Neuroimaging Informatics Technology Initiative file
format, established in Neuroimaging, was chosen. Since
MRI images have a significantly lower resolution than
macroscopic images, the aligned images were once again
downsampled to 870 x 390 pixels. The resulting 3D Model
therefore has dimensions of 870 X 390 X 66 pixels with
three colour values (Red, Green, Blue) for each pixel. The
generated file was provided in a Web Viewer for the
conducted survey among pathologists.

2.5. Survey Design

An online survey with 14 questions (starting with name
& experience, continuing with specific questions about
the tested model, and finalising with questions on gen-
eral implications for digital pathology). The full survey,
including all questions and all answers can be found in
the Supplementary Material 1.

3. Results
3.1. Model

The full 3D-model can be tested, downloaded and re-
produced as described in the code & data availability
statement below.

3.2. Survey

3.2.1. Participants

Nine pathologists from four European countries
(France, Germany, Italy, Spain), not personally known
to the investigators but experienced in the diagnosis of
melanocytic lesions, were invited via E-Mail to test the
model and filled out the survey. Seven possessed more

2.) Align sections

3.) Store 3D Model

Fig. 1. Schematic of the procedure for generating the 3D melanoma model from digitised histological slides.
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than 15 years of diagnostic experience as a pathologist,
two between 11 and 15 years. All participants claimed to
have diagnosed digitised tissue sections in the past, only
five use digital pathology in their daily routine.

3.2.2. Transfer of 3D-models to routine care

Eight out of nine pathologists think it is likely (n = 5) or
very likely (n = 3) that digitised 3D-models of tumours
will enter the diagnostic routine within the next 10 years
(rather unlikely n=1). Within the next 30 years, all
participants think it is rather likely or very likely (n = 5).
If asked for melanoma specifically (“In how many years
do you expect 3D-tumour-models to enter routine care
in digital pathology for the diagnosis of melanoma?”),
seven pathologists expect 3D-models to enter routine
care within the next 5-10 years, one in 11-20 years and
one in 1-5 years.

3.2.3. Core advantages of 3D-models compared to 2D-
models

Pathologists could express what they reflect as core
advantages in a free text field; the key points are sum-
marised here, repetitions were deleted (see Suppl. 1 for
full, unedited answers):

* Diagnostic procedures become more complete and biolo-
gically analogous.

* Pathologists can easily fuse diagnostic and macro aspects
of lesions with microscopy images.

* Enhanced safety for diagnosis and margin evaluation.

® Three-dimensional symmetry serves as the primary golden
standard for distinguishing benignancy from malignancy.

e "Stacking" multiple levels of sections allows for advanced
2-dimensional diagnostic procedures.

* Simultaneous evaluation of different tissue levels enhances
accuracy and research applications.

® Greater tissue sampling leads to more accurate diagnosis
and prognosis.

® Better tumour staging aids in prognosis and adjuvant
therapy decisions.

* Improved detection of lymph and blood vessel invasion.

* Provides a better basis for Al-assisted diagnosis.

* Good image quality/magnification can reduce tissue con-
sumption.

3.2.4. Core disadvantages of 3D-models compared to 2 D-
tissue-slides in digital pathology
Core points to this question included:

* High tissue consumption depending on the technique used.

® Manual "stacking" of up to 100 sections may be time-
consuming.

® More technical work and sections needed in laboratories.

* Combining 2D-histology with ex-vivo-confocal microscopy
for 3D-models without irreversible tissue consumption.

® The need for a proper cross-platform, intuitive, and fast
navigation system.

* Adequate download speed for large files.

® Powerful client system required for proper interaction with
big files.

® Current lack of training in diagnosis with these systems,
which will improve over time.

3.2.5. What improvements on the tested 3D-model
specifically should be made from a clinician standpoint?
Improvement suggestions include enclosing both halves
of the tumour specimen, using magnification 40x for all
sections, and ensuring precise alignment in the stacking
mode. The current navigation app lacks resolution,
proper interaction controls, and a magnifying feature,
making it difficult to evaluate images from a histo-
pathological standpoint.

3.2.6. What do you think is already working quite well in
the current software?

Summary of the feedback (Details in Supplementary 1):
Initially, adjusting to the moving image lines can be
complicated, but it becomes intuitive. The "multi" pro-
gram in Display mode is fascinating, allowing selection
of suspicious planes, zooming, and comparison with
other sections. Ability to navigate among different levels
and rapidly examine multiple tissue planes. Apprecia-
tion for the visualisation of the 3D architecture.

3.2.7. Do you think digital pathology for the diagnosis of
melanoma should be 2D or 3D?

The question was asked under the condition that “2D
and 3D models were both equally technically advanced
and the education of pathologists would teach both
equally well”. Seven experienced pathologists answered
with “3D”, and two answered with “2D”.

4. Discussion

We successfully created and evaluated the first 3D-
Model of human melanoma with an overall positive
reception by expert pathologists. Due to the full avail-
ability of code, survey and specimen, our work is fully
reproducible.

4.1. Discussion of methods

4.1.1. Preparation of specimen & technical considerations
One insight from the performed reconstruction is that
the sections should all be cut in sequential order, which
is the reason why only one half of the provided mela-
noma could be reconstructed straightforwardly. Also we
recommend using a 3D scanning modality such as micro
computertomography to generate a 3D reference vo-
Iume before cutting the tissue block into sections.
When performing the alignment of the image stack
with the Elastic Stack Alignment algorithm included in
the Fiji software, we speculate that optimising the al-
gorithm for the reconstructed tissue entity may yield
improved results. For the example of aligning sections



A. Kurz et al. | European Journal of Cancer 193 (2023) 113294 5

of a melanoma, greater emphasis should be placed on
correctly aligning the epidermis compared to other parts
of the tissue.

A central feedback we received on the current 3D model
is that the resolution is too low to perform pathological
analysis on a cellular level. This leads to the conclusion that
the used NIfTI file format is not well-suited for pathological
use cases, as it is not designed to store sections with such a
high resolution as required in pathological routines. On the
other hand, the possibility to view each section in the 3D
model separately is of high relevance for pathologists, which
makes data formats such as a regular point cloud less ap-
plicable. We therefore see the need to potentially extend the
properties of the NIfTT file format, or establish a new file
format for pathological use cases in order to make con-
structing and analysing a 3D tissue model an actual use case
in pathological workflows.

The method does not come without its limitations. Since
only 3 um thick sections were used, which is already thinner
than the cuts done in clinical routine, the 3D-model is only
capable of imaging and connecting those sections. Even
thinner cuts may be necessary in order to image every detail
of the tissue with maximum resolution. Furthermore, it
should be noted that the current resolution of the present
model is lower than possible (40x magnification) due to
computational limitations. However, this can be resolved in
the near future.

Despite the fact that none of the participating pa-
thologists is personally known to the principal in-
vestigator and the personal opinion of the Principal
Investigator was not disclosed to the authors when in-
viting them to the survey, ascertainment bias can not be
fully excluded in any survey study.

4.2. Discussion of survey results

In general, the overall perception of the 3D-histology
model by the pathologists was positive; a core ad-
vantage being the inherent-3D-structure by the stacking
mode, which allows for direct checking of symmetry/
asymmetry in three angles instead of two.

The stacking mode has become very popular in other
fields such as macro and astrophotography, where a
sequence of photographs is captured either in different
optical planes (micro/macro) or at staggered time in-
tervals (astro). Afterwards, computer algorithms are
used to process the images, allowing the ultra-sharp
imaging of subjects, such as a tiny ant, from head to tail,
which would otherwise be impossible due to the depth
of field. Here, stacking is based on "merging". In the
method used for our 3D-model ("inverse stacking"), it is
the other way around: it provides a merged stack which
allows to 1) see the whole structure immediately, and 2)
unfold individual pages.

The core disadvantages discussed were that the
current workup is complicated, costs more time, and
potential difficulties in integrating it in the current

workflow. However, this will improve over the years
with automation of the processes needed; which may
include automation of destaining/restaining of tissue
(for instance for immunohistochemistry or for mole-
cular analyses). At the moment, however, there are
still no practical tools available to cut sections auto-
matically and whether multistain-3D-models are cur-
rently achievable should be addressed in future
research. The process of constructing the model out of
digitised slides is partly automatable already now
which led to a quite fast construction of the model by
the used software (~40 min for converting and align-
ment). Along these lines, a comparison to in vivo
methods was drawn, such as optical coherence to-
mography, micro computertomography and other
3D-in vivo technologies which may also improve and
may provide a more efficient, non-invasive workup
than a histologic-3D-model. The authors assume that
several techniques can be combined: confocal micro-
scopy has its limitations in the depth of tissue pene-
tration, but it displays the whole tumour. If these
images are combined with vertical sections of con-
ventional histology, this might be an interesting new
image to evaluate.

Nonetheless, looking directly at the digitised tissue
instead of using in vivo-procedures may provide a
higher resolution of biology. In addition, the third di-
mension is inherent in our stacking procedure -
whereas in all other situations the 3rd dimension from
other procedures such as reflected light microscopy,
coherence tomography must be integrated into the 2-
dimensional histological section. This makes a decisive
difference since the 3D-histologic model enables the
3rd dimension at a glance.

Furthermore, it is worth considering whether all of
the cuts are indeed necessary for the 3D model. If one
would simply omit/discard every second cut, as done
with the so-called "step cuts" in the current clinical
routine, it would result in a time-saving measure with
minimal loss of information. In the opinion of the
authors, these kinds of trade-offs could be omitted
with improved destaining/restaining methods in the
future.

4.3. Extension of 3D-models

3D-histology-models could be extended to multiple
stainings also by immunohistochemistry, but also by
other layers of molecular analyses such as spatial tran-
scriptomics, adding genetical / RNA-layers to mor-
phology which would enable the enhancement of image-
based genetic testing. In general, full 3D-tumours with
heterogeneous spatially resolved profiles (morphology,
genomics, proteomics, etc.) would be able to predict
with a much higher precision overall tumour behaviour
(metastasis, growth, immune system interaction) or
targetable characteristics for therapy.
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4.4. Conclusion

3D models are promising for the digital pathology of
cancer and melanoma specifically, however, there are
yet limitations which need to be carefully addressed in
future research.
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