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Abstract

The role of pathology in patient management has evolved over time from the retrospective review of cells, tissue, and disease
(‘what happened?) to a prospective outlook (‘what will happen’). Examination of a static, two-dimensional hematoxylin and
eosin (H&E)-stained tissue slide has traditionally been the pathologist's primary task, but novel ancillary techniques enabled
by technological breakthroughs have supported pathologists in their increasing ability to predict disease status and behaviour.
Nevertheless, the informational limits of 2D, fixed tissue are now being reached and technological innovation is urgently
needed to ensure that our understanding of disease entities continues to support improved individualized treatment options.
Here we review pioneering work currently underway in the field of cancer pathology that has the potential to capture infor-
mation beyond the current basic snapshot. A selection of exciting new technologies is discussed that promise to facilitate
integration of the functional and multidimensional (space and time) information needed to optimize the prognostic and pre-
dictive value of cancer pathology. Learning how to analyse, interpret, and apply the wealth of data acquired by these new
approaches will challenge the knowledge and skills of the pathology community.
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A brief history of pathology

The first historical description of pathology as a distinct
medical specialty dates to the 15th century, when the
Italian physician Antonio Benivieni bundled his
patient’s case and autopsy reports to produce the first
‘pathology article’ (‘Abditis Nonnullis ac Mirandis Mor-
borum et Sanationum Casusis’ [About the Hidden
Causes of Disease]) [1]. Pathology, both as an interest
and a medical specialty, has traditionally originated from
the desire of physicians to understand the relationship
between the human body and disease, or, framed more
exactly, between physiology and pathology. This intrin-
sic motivation to master the discipline led, from the 18th
century on, to the appearance of an increasing number of
autopsy observations in early medical journals, such as
the ground-breaking work by Giovanni Morgagni [1,2].

The Leiden physician, Herman(us) Boerhaave, was
the first to describe a causal relationship between medi-
cal history and pathology, basing his conclusions on
extensive postmortem observations. Pathology thus
emerged as a discipline that sought to understand the
events that preceded autopsy. In essence, pathology
sought to ‘examine a snapshot to understand the past’.

The retrospective review of human tissue described
above was, at that time, based on the gross examination
of autopsy specimens. The introduction of the micro-
scope in the late 1700s (Figure 1), innovated by Antoni
van Leeuwenhoek, among others, proved a seminal
moment [1,3]. The implementation and use of micro-
scopy in daily practice was revolutionary and expanded
the field from gross examination and macroscopy to
the examination of the microscopic anatomy of human
tissue. This eventually led to an increasing use of histo-
logy in disease classification, pioneered by the ‘father
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Figure 1. The three major technological breakthroughs that form the current cornerstones of pathology: (1) microscopy, (2) special and

immunohistochemical (IHC) staining, and (3) molecular diagnostics.

of modern pathology’ Rudolf Virchow [4], and histo-
logy has since become a cornerstone of pathology.

With histologic examination, the focus of the specialty
shifted from autopsy to the examination of formalin-fixed
and paraffin-embedded (FFPE) biopsy, cytology, and care-
fully sampled resection specimens from living rather than
deceased patients. Where the pathologist once attempted to
discern and understand past disease processes, today a
pathologist analyses surgical tissue with one main question
in mind: what does this tissue reveal of future disease pro-
cesses? The shift from the examination of deceased to living
tissue has transformed the field’s objectives and launched a
quest for insight into the future behaviour of cells, tissue,
and disease.

A second major technological breakthrough in pathology
was the development and implementation of special stains
(e.g. Periodic Acid-Schiff or the Alcian blue stain), and later,
immunohistochemistry (IHC), with the latter now the most
utilised application in surgical pathology (Figure 1). In
immunostaining, the presence of specific antigens in human
tissue is evaluated at the tissue and cellular level. In recent
decades, the opportunity to determine the presence and loca-
lisation of proteins in tissue sections has contributed to the
development of clinically-relevant biomarkers, both prog-
nostic and predictive, allowing classifications of pathology
and disease that go well beyond the morphological character-
istics of tissue. This second cornerstone has improved our
understanding of the disease process, as well as the past, pre-
sent, and, potentially, future behaviour of cells and disease.

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

A combination of hematoxylin and eosin (H&E) (mor-
phology) and IHC still provides an oversimplified view
of the pathophysiological disease process, because a hand-
ful of static biological markers will inevitably fail to capture
the full underlying biology. A third major breakthrough in
the field of pathology, the use of ‘omics’ (including geno-
mics and transcriptomics) as a diagnostic tool (Figure 1),
promises to address earlier limitations. This technolog-
ical revolution was facilitated by innovations in the
extraction and sequencing of fragmentary DNA and
RNA from FFPE specimens (Figure 1). The opportu-
nity to routinely sequence (tumour) DNA illuminates
the genotype underlying the phenotype as expressed
in histology and immunostaining. The development of
molecular diagnostics as the third cornerstone of mod-
ern pathology has led to an immense expansion of
knowledge and facilitated the identification of potential
novel treatment targets (Figure 1).

To summarise, over many decades pathology has
evolved from the gross examination of autopsies to a
detailed assessment of morphology, IHC, and molecular
analyses (Figure 1). Additional technological advances,
including electron and confocal microscopy, image analy-
sis, polymerase-chain reaction (PCR), and in situ hybridi-
sation have also significantly contributed to the field.
These technological breakthroughs have yielded a wealth
of novel insights, allowing improved prognostics and pre-
diction of treatment benefit. The full potential of these
novel technologies is only beginning to be explored.

J Pathol 2022; 257: 403412
www.thejournalofpathology.com


http://www.pathsoc.org
http://www.thejournalofpathology.com

Moving from fixed to functional and multidimensional cancer pathology 405

The limitations of 2D and ‘fixed’ pathology

As discussed above, the practice of modern pathology still
largely relies on a snapshot of the disease process, i.e. fixed
pathology, consisting of microscopic assessment of thin
(several micrometres thick) 2D tissue sections at a fixed
point in time. However, a tumour exists in four dimensions
(4D), i.e. three spatial dimensions (3D) (x, y, z) and a fourth
dimension, time (Figure 2), so any fixed 2D representation
will inevitably fail to completely describe a disease process.
While specimen fixation is necessary to prevent tissue decay
(Figure 2), this technique terminates the cellular processes
that determine cell fate, and thus offers only a ‘static’ image
of a tissue. FFPE tissue is a 3D derivative of a 4D object, as
any tissue has a history and would have had a future if left in
situ. Furthermore, despite the common availability of macro-
scopic images that seek to capture the original 3D structure
before sectioning of FFPE tissue, even a sense of a third spa-
tial dimension (z-axis) is frequently compromised or lost due
to processing (Figure 2). As a consequence, disease classifi-
cation and treatment decisions in surgical pathology pre-
dominantly rely on a series of static 2D H&E and IHC slides.
Unsurprisingly, information acquired from static
material will quickly reach a plateau, suggesting that
optimal, individualized patient management requires
new techniques. Technological breakthroughs at both
the dimensional (space, time) and functional levels are
now on the horizon and may facilitate the pursuit of
functional and multidimensional cancer pathology.

3D tumour analysis by reconstruction of H&Es and
spatial genomics

The use of 2D sections in histological review limits the inte-
gration and analysis of the third, z spatial, dimension in cur-
rent surgical pathology. Nevertheless, examples of an
additional spatial dimension in daily practice are found at
the patient-, organ- and tissue-levels in the form of surgical

staging, macroscopic examination, and serial sectioning,
respectively. Despite the fact that serial sections provide
valuable additional perspective, there is still a lot to gain from
additional information on the—third—spatial dimension.

Innovations at the microscopic and computational
levels

An important example of spatial assessment is the 3D
reconstruction of digitalized histopathological tissue
slide images (Figure 3) [5-13]. The 3D reconstruction
of H&E images adds a spatial dimension that helps deci-
pher growth patterns, the spatial distribution, and the
relationships of tissues, as well as the colocalisation of
stromal and tumour cells. In recent years, studies have
explored the 3D reconstruction of H&E images in multi-
ple cancer types [5-10,13,14], adding a z-axis dimen-
sion to pathology review that allows pathologists to
‘move through’ a tissue. For example, Roberts et al
developed a package that allowed augmentation of
high-resolution 3D reconstructions [13], while Xie et al
used a fluorescent analogue of H&E staining and
light-sheet microscopy to reconstruct 3D prostate
cancer biopsies [15]. Compared to conventional 2D
approaches, risk stratification for clinical prostate-
specific antigen (PSA)-based biochemical recurrence
was more accurate when using glandular features in a
computational 3D prostate biopsy [15]. That study also
underlined the importance of new-generation (immuno-
fluorescent) microscopes in the development of novel
applications.

Improvements in microscope technology, in combina-
tion with computational power, have led to new spatial
techniques and applications. For instance, a combination
of fast chemical tissue clearing and ultramicroscopy
allowed the 3D reconstruction of breast cancer resec-
tions [16]. In that study, the authors showed that proce-
dures are reversible, allowing use of the same tissue in
both spatial reconstruction and morphological review
by H&E/IHC staining [16]. Similarly, second and
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Figure 2. Loss of dimensions. Human tissue has four dimensions (4D): three spatial dimensions (3D) (x, y, z) and a temporal dimension (time).
Fixation and sectioning of tissue eliminates two dimensions: the time- and z-dimensions, respectively. Current pathology practice relies
heavily on the examination of a 2D snapshot of the original tissue.
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Figure 3. Towards optimal prognostication and prediction: three potential avenues of escape (space, time, and function) from the confines of

the ‘snapshot’.

third harmonic generation (SHG, THG) microscopy
applications in breast cancer [17] capture images of fresh
breast cancer tissue—without labelling—and thus help
visualize relevant components such as lobules and ducts
[17]. The SHG/THG images and structural information
obtained were equivalent to the matching H&Es, but
without the need for processing, fixation, embedding,
and sectioning of tissue. These new technologies high-
light the promise of an additional spatial dimension in
the pathology domain. This expanded view will broaden
the pathologist’s perspective and help reveal novel 3D
morphological features that may redefine future classifi-
cation systems.

Innovations in multiomics

Progress in the field of omics has also provided new spa-
tial insights (spatial genomics) (Figure 3). Zhao et al
developed a novel spatial genomics application, ‘slide
DNAseq’, which assesses DNA sequences from cells
of intact tumour tissue specimens [18]. In addition to
conventional morphological features, this technology
helps illuminate tumour progression through the identifi-
cation of distinct tumour subclones. Similarly, He et al
developed a deep-learning model to link spatial tran-
scriptomics to architectural features in breast cancers,
demonstrating the ability of a deep-learning model to
predict spatial gene expression from routine H&E
images of breast cancers [19]. These two recent applica-
tions of spatial genomics allow image-based screening

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

of tumours that show clear subclonality or intratumoural
heterogeneity of biomarker expression [18,19].

This pioneering work illustrates the potential of com-
bining state-of-the-art microscopy, digitalization, and
spatial omics in the analysis of the third dimension.
However, the road to clinical implementation is still
long, as procedures, including storage, are relatively
expensive and protocols are not yet compatible with cur-
rent clinical workflows.

Integrating a time-dimension to improve
prognostication and treatment response

The addition of a time dimension, either retrospective or
prospective, may also help expand the current fixed view
of cancer. In practice, the evaluation of archival FFPE
tumour tissue obtained during previous resections of
the same patient, or in specific cases, by sequential
biopsy, already serves as a proxy for time. One example
is in high-grade serous ovarian cancer patients undergoing
interval debulking surgery, where both the diagnostic (pre-
operative) biopsy and the (post-chemotherapy) specimen
are examined. The pathological response to chemotherapy
is assessed by examination of the resection specimen using
a chemotherapy response score (CRS) [20]. Importantly,
the CRS has clear prognostic value for progression-free
survival and overall survival [21]. This pre- and post-
chemotherapy specimen workflow adds a time element

] Pathol 2022; 257: 403412
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that may alter the treatment regimen. In a study of chronic
myeloid leukaemia, Michor ez al used serial blood sample
measurements and computational modelling to explicitly
describe disease dynamics and treatment responses, revealing
a biphasic treatment response that can be explained by a
differential response in differentiated versus progenitor
cells [22]. Thus, opportunities to use sequential tumour spec-
imens (diagnostic biopsy and resection) already aid the
examination of tumour dynamics.

The availability of archival tumour tissue underlines
this ability to describe the history of a tissue prior to fix-
ation of the latest tissue specimen. Nevertheless, a more
relevant quest may be to predict a tissue’s future behav-
iour, a concept that can be subdivided into two aspects:
prognosis (natural behaviour of a tumour) and prediction
(a tumour’s behaviour following a specific medical
intervention).

Regarding prognosis, current 2D pathology practice
has multiple modalities and assays that allow for prog-
nostication [23-25], examples of which are breast can-
cer, where Ki67-high cancers have a less favourable
prognosis compared to Ki67-low cancers [26], and
endometrial cancer, where cancers with a mutation in
the exonuclease domain of POLE have an excellent
prognosis [27-31]. In these examples, relatively simple
markers have proven to be reliable prognosticators. In
other instances, however, such as high-grade serous
ovarian cancer, robust prognostic biomarkers have not
yet been identified, and thus appear to warrant novel
approaches such as the inclusion of disease progression
over time. The temporal in situ monitoring of disease
can potentially be realised through liquid biopsy.

Liquid biopsy-based biomarkers, including circulating
tumour cells (CTCs) and circulating tumour DNA
(ctDNA) assays, have attracted a great deal of attention
over the last decade following success in lung cancer
(Figure 3) [32,33]. These assays show great promise in
the temporal monitoring of tumours, regardless of clinical
scenario (primary tumour, recurrence, metastasis, or resis-
tance) [34]. The clinical applications of liquid biopsies
include, but are not restricted to, early detection, monitor-
ing of tumour dynamics, and identifying tumours with a
high risk of recurrence [34]. Beyond lung cancer, studies
have also demonstrated the role of liquid biopsies in the
clinical care of female cancers, particularly breast cancer.

In recent years, multiple large pooled analyses have
investigated the prognostic value of CTCs in stage
I-IIT [35,36] and stage IV [37] breast cancer. Three
meta-analyses have now reported a strong association
between CTC and overall survival [35-37]. Compared
to CTC-based studies, the prognostic relevance of
ctDNA-based studies are less clear-cut [38—42]. Never-
theless, a meta-analysis that included patients from mul-
tiple trials with variable, mostly nonmetastatic disease
(stage I-IV), found an association between ctDNA and
overall survival [43]. Interestingly, the International
Association for the Study of Lung Cancer (IASLC) rec-
ommends molecular analysis of a liquid biopsy in
nonsmall-cell lung cancer patients with acquired resis-
tance to a targeted inhibitor when a tissue biopsy is not

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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possible [44]. The prognostic relevance of liquid-biopsy
biomarkers in endometrial and ovarian cancer seem to be
less pronounced (ctDNA: [45]; CTC: [46]), although
results from large clinical studies are eagerly awaited
[34]. Overall, liquid biopsy-based biomarkers have great
potential to expand opportunities in the pathology
domain, particularly when applied in the contexts of
screening, early detection of recurrences, and/or resis-
tance to treatment.

A more challenging task is estimating responsiveness to
therapeutic compounds (prediction). Mutational signatures
are one example of an innovative genomic-based modality
that provides insight, albeit retrospectively, into ongoing
cellular processes and their predictive relevance (Figure 3).
In pioneering work, Alexandrov et al determined—yprior to
fixation—the biological mechanisms underlying the pro-
gressive accumulation of tumour-specific somatic muta-
tions [47,48]. Based on combinations and clusters of
mutation types, 21 initial single-base substitution (SBS)
signatures could be defined, and particular mutational sig-
natures linked to specific tumour processes, e.g. Signature
1 and age or Signature 3 and homologous recombination
deficiency (HRD) [47,48]. Since the first publication in
2013, an additional 30-plus novel SBS signatures have
been added to the original 21 [49], as well as doublet-base
signatures (including tandem doublet, triplet, and quadru-
plet base substitutions) [49] and models that combine
multiple genomic-based modalities (HRDetect) [50].
Interestingly, these mutational signatures have shown
potential in predicting therapy response, particularly the
response to platinum-based chemotherapy and PARPi
(HRDetect [51,52]) or immunotherapy (tumour muta-
tional burden [53] and microsatellite instability [54]).

Besides genomic-based platforms, ‘ex vivo’ modalities
such as patient-derived organoids and organotypic tumour
slices have also shown promise in predicting treatment
responses. Patient-derived tumour organoids artificially
recapitulate tumour-specific architecture (including intratu-
moural heterogeneity) [55], while the lack of fixation adds
a temporal dimension. In contrast to 2D cultures, organoids
can often recapitulate a tumour-microenvironment [56],
and once generated, their similarity to the original tumour
can be confirmed by assessment of H&E and IHC staining
and sequencing [57]. A notable application of patient-
derived tumour organoids is the screening of potential anti-
cancer drugs, as performed for several cancer types such as
breast, liver, colorectal, ovarian, and prostate cancer
[57-64]. The predictive value of patient-derived organoids
in breast cancer was shown by Sachs et al, who used breast
cancer organoids to screen multiple potential cancer drugs
[60]. A relationship between genotype and drug sensitivity
was confirmed in the organoids, including a clear correla-
tion between a BRCA1/2-deficiency signature and sensi-
tivity to poly(ADP-ribose) polymerase inhibitors (PARPi;
olaparib and niraparib) or HER2 overexpression and a
sensitivity to anti-HER2 therapies [60]. In ovarian cancer
research, Jabs et al established primary patient-derived
ovarian cancer organoids that were subsequently screened
with FDA/EMA-approved, clinically-relevant compounds
including carboplatin and olaparib [62]. An association

J Pathol 2022; 257: 403412
www.thejournalofpathology.com


http://www.pathsoc.org
http://www.thejournalofpathology.com

408

was observed between the HRD-score and sensitivity to
DNA damaging agents in these organoids [62]. Despite
promising results of drug screens, organoid platforms are
labour-intensive and show suboptimal success rates.
Although some studies have shown clear correlations
between ex vivo (organoid) and in vivo (patient) drug
responses [65,66], this relationship remains equivocal in
most studies. Thus, despite undeniable promise, the route
to clinical implementation contains numerous hurdles that
must first be overcome.

Another example of a predictive ex vivo assay is the
organotypic tumour slice [67-70], an approach that helps
preserve tumour architecture, including intratumoural het-
erogeneity [71]. As a proof of principle, patient-derived
tumour slices were cultured ex vivo, followed by assess-
ment of the cytotoxic response to chemotherapy (5-FU,
doxorubicin, and cyclophosphamide) [68]. The technique
showed promise in identifying breast cancer patients with
tumours resistant to the above-mentioned chemotherapeu-
tic agents [68]. That ex vivo modalities can successfully
recapitulate the tumour microenvironment was shown by
Voabil et al, who reported that ex vivo reactivation of
immune cells by tumour fragments was predictive of a
clinical response to PD-1 blockade [72]. Despite the fact
that ex vivo approaches, which require limited hands-on
time, can potentially improve prediction of in vivo drug
responses, high-throughput screening of anticancer drugs
remains complex and challenging, and as such currently
hampers clinical adaptation.

The various new tools discussed above provide a win-
dow on past cellular events prior to fixation. Delaying or
avoiding fixation through the use of ex vivo assays or
liquid biopsies is still complex, but could potentially make
an important contribution to diagnostics and patient care.
However, the question remains whether an ex vivo model
can fully recapitulate the complexity of an in vivo tumour.
Although the inclusion of a time dimension in surgical
pathology still faces serious practical obstacles, it is never-
theless likely that within certain domains it will find an
established position in patient management.

Functional assays to optimize prediction of
outcome and treatment response

Adding a functional aspect to the static review of FFPE
tissue sections could potentially aid assessment of the
complex dynamics of tumoural and cellular processes,
pathways, and proteins. A prototypical example of the
integration of the functional in current diagnostics is by
capturing ongoing cellular processes, in this case the
evaluation of Ki67 immunostaining, a surrogate for cell
proliferation and growth [73]. Other examples of routine
immunostainings in diagnostics that reflect the function-
ing of a particular pathway or cellular process include
the mismatch repair (MMR) proteins (MSH2, MSH6,
PMS2, MLH1) [74], p53 [75,76], oestrogen receptor
(ER) [77,78)/progesterone receptor (PR) [79], HER2
[80], and programmed death ligand 1 (PD-L1) [81].

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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The analysis of these pathways and processes has had
clinical relevance to prognostication and, to some extent,
prediction of treatment benefit. The success of a more
dynamic assessment of cellular processes has inspired
researchers to seek additional functional readouts rele-
vant to current pathology practice.

One way to approach functionality at the tumour level
is to divide processes into ‘hallmarks of cancer’, as for-
mulated by Hanahan and Weinberg [82—84]. These hall-
marks aim to capture the complexity of tumour biology
that results from the dynamic and heterogeneous interac-
tion and crosstalk of proteins and pathways in a cancer-
ous cell, without reflecting any underlying genotype. A
number of functional readouts will be reviewed here in
the context of two major hallmarks of cancer (‘genome
instability and mutation’ and ‘sustaining proliferative
signalling’).

Functional assays related to the hallmark ‘genome
instability and mutation’

The hallmark that describes the initiating and subsequent
genomic events in carcinogenesis is ‘genome instability
and mutation’. Focusing on this hallmark, the most nota-
ble example of a clinically-relevant dysfunctionality in a
DNA repair pathway is HRD, which is a frequent event
in breast, ovarian, and endometrial cancer [85]. Regard-
ing aetiology, germline, or somatic PVs in BRCAI and
BRCA2 are the most frequent events underlying an
HRD phenotype in ovarian cancer [86]. In addition to
DNA-based analyses (including the HRD-related muta-
tional signatures described in the previous section), the
presence of specific proteins can serve as a proxy for
the functionality of the homologous recombination
(HR) DNA repair pathway. The accumulation of
RADS]1 protein at sites of DNA double-strand breaks is
commonly used as a functional readout for HR. Both
the RECAP [87-90] and RADS51-FFPE test [91-96],
for example, can be considered functional HRD tests
with an ability to identify HRD tumours (i.e. the absence
of RADS1 accumulation in replicating tumour cells) in
female cancers (Figure 3). The strength of functional
HRD tests rests on their ability to identify HRD tumours,
irrespective of the underlying genotype. These tests can
also differentiate individual HRD and HR-proficient
cells within a heterogeneous tumour and, in contrast to
most DNA-based tests, are likely able to detect acquired
resistance to PARPi due to restoration of HR in HRD
tumours [87-89,93,94].

Functional assays related to the hallmark ‘sustaining
proliferative signalling’

Regarding the hallmark ‘sustaining proliferative signal-
ling’, the diagnostic assessment of oestrogen receptor
expression by IHC is routine, especially in breast cancer
[77,78]. However, IHC-based ER expression shows lim-
ited predictive ability concerning the endocrine therapy
response in breast cancer patients [97]. A novel test that
better captures the functionality and activity of the ER
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pathway is the quantification of mRNA expression of
relevant ER-pathway-related genes [98]. Interestingly,
this assay was able to improve prediction of responses
to endocrine therapy [98] and may offer a superior read-
out of ER-sustained proliferative signalling in a tumour.
Similarly, a comparable functional mRNA-based ER
pathway activity assay was assessed in endometrial can-
cer tissue and showed a clear association with recurrent
disease [99].

The assays described above reflect the functionality of
pathways and processes, including the homologous
recombination DNA repair and the ER pathway, and
may potentially improve prognostication and prediction
in cancer. These assays enable real-time assessment of
tumour functionality, and therefore may more accurately
reflect the current state of a tumour. While some of these
assays have already been implemented in current prac-
tice, we anticipate that these and other functional assays
will make a profound contribution to prognostication
and prediction in cancer in the coming years.

Multimodal data integration and the role of
computational pathology

With the exponential increase in opportunities inherent
to functional and multidimensional disease assessment,
as described above, the challenge for future pathologists
will be to integrate these modalities and grasp the full
complexity of disease. The integration of multimodal
data and the allocation of appropriate weight to each var-
iable when constructing predictive models poses a chal-
lenge [100-102], although these can be overcome, as
illustrated by recent examples for acute myeloid leukae-
mia [103] and myeloproliferative disorders [104]. Inter-
estingly, the unique observational Tumour Profiler
(TuPro) Study recently showed that multiomic and mul-
timodal data, including clinicopathological, targeted
NGS, CyTOF, bulk RNA, and pharmacoscopy data,
can be obtained, integrated, and reviewed in multidisci-
plinary tumour boards in order to personalise treatment
decision-making [100]. Despite the high costs of multi-
modal profiling, the consortium effectively challenged
the current diagnostic and therapeutic infrastructure.
The wealth of data obtained will potentially help identify
novel diagnostic tools and/or therapeutic targets in can-
cer management. Beyond the limits of cancer pathology,
the expansion of data inherent to innovations is also con-
tinuing in other disciplines, further contributing to com-
plexity. Inevitably, pathologists will need to familiarise
themselves with the computational possibilities avail-
able to analyse and interpret high-dimensional data to
manage the wealth of the data and grasp the multidimen-
sional continuum. The revolution in digital pathology is
predominantly evoked by the opportunity to perform
whole-slide imaging as well as the application of convo-
lutional neural networks/deep-learning. The computa-
tional approaches provide pathologists with cutting-
edge avenues for the entire workflow, including

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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processing, integrating, and interpreting data. Perhaps
the most promising application in this context will be
the discovery of novel intrinsic features hidden in high-
dimensional space, that we, humans, would have been
unacquainted with. Although computational pathology
allows for extracting novel—biologically relevant—
clusters and subsequent information out of H&E, the
input data remains of 2D origin, lacking the spatial
(z-axis) and time dimensions already lost during proces-
sing. Nevertheless, reestablishing functional and/or mul-
tidimensional data, as outlined in this review, and using
this as an input to deep-learning models will encourage
the model’s performance and help improve prognostica-
tion and prediction in cancer pathology.

Future roadblocks that may challenge the
implementation of multidimensional pathology

The functional and multidimensional techniques and
assays, outlined in this review, are promising, yet lack
compatibility with current workflows. The current and
future challenges that might hamper the implementation
include infrastructural limitations, practical feasibility, reg-
ulatory issues regarding the applications, and financial-
and time-investments. A crucial step in the emergence of
multidimensional pathology will be the alignment of inno-
vations with current workflows, demanding automation,
standardization among laboratories, as well as integrated
pathology reporting. The importance of overcoming these
infrastructural needs becomes obvious when drawing a
parallel with digital pathology. In spite of the endless pos-
sibilities in the world of digital pathology, the usage of
high-quality pathology images in routine diagnostics is,
as for now, impeded by infrastructural obstacles, including
the lack of standardization and quality control of the (pre-)
analytical and processing phases as well as insufficient
possibilities for data storage. Interestingly, the embrace-
ment of molecular diagnostics within the field of path-
ology over the years illustrates that our perspective on
practical feasibility is subject to change. The fact that
next-generation or even whole-genome sequencing can
be performed routinely in diagnostics used to be beyond
our imagination. Transformations like these are driven first
and foremost by a positive attitude towards an exchange of
knowledge within and between domains, including the
computational world. In line with that, pathology, in the
end, can only deliver one piece of the puzzle required for
optimal patient management. Multidisciplinary consulta-
tion to exploit the expertise of various professionals
(e.g. medical oncologists and computational scientists)
will be key, ensuring that each expert delivers pieces of
the puzzle that are required for optimal patient manage-
ment. We acknowledge that, taking the abovementioned
roadblocks into consideration, the burning question
remains: is clinical implementation really at the horizon
for the multidimensional perspective, or are the techniques
predominantly research avenues that may bring us back to
the 2D setting, albeit with an advanced perspective?
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From the 15th century onwards, pioneering work and
tremendous technological breakthroughs have built a
strong foundation for cancer pathology. Pathologists
have mastered the skill of predicting the behaviour of a
tumour through evaluation of a ‘static’ 2D snapshot, a
skill that relies heavily on the foundation of pathology:
morphology-based pattern recognition, today supported
by evaluation of immunostainings and—if necessary—
the interpretation of targeted omics data. Following a
long period of continuous innovation, we may now be
reaching a plateau phase in our pursuit of optimal patient
management. Nevertheless, exciting, innovative tools
and techniques are on the horizon that will further sup-
port spatial or time-dependent dimensions and func-
tional views to current cancer pathology practice;
however, the concepts discussed here have wider signif-
icance and may also find applications in other—non-
oncology—branches of surgical pathology.

In conclusion, breaking free of the snapshot will require
the exploration of new avenues but offers the promise of a
functional and multidimensional future pathology that
supports improved prognostication and prediction.
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