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Preface

Pathology has long been a discipline suspended between visibility and obscurity, an art
of extracting intelligibility from the silent mutterings of tissues. To incise, to stain, to
digitize, to sequence, these are not merely techniques but ritual gestures through which
disorder is rendered interpretable. Yet what pathology produces is never pure truth, but
a mediated translation, a provisional rendering of the biological into the semiotic. The
cell, the nucleus, the chromatin granule: each appears as an emblem to the eye, but each
resists finality, slipping away into interpretive ambiguity the closer one attempts to grasp
it.

The nineteenth-century pathologist relied upon gross inspection and rudimentary dyes,
believing that morphology itself was destiny. The twentieth century elaborated this
grammar into histochemistry, electron microscopy, and immunohistochemistry,
embedding within our craft the conviction that colorimetric stains and antibodies could
stabilize meaning. But the twenty-first century has dissolved such stability. Next-
generation sequencing has flooded our discipline with torrents of data, revealing
mutational architectures of disease at single-base resolution, while spatial
transcriptomics has reintroduced the geography of expression, situating genes not merely
as abstractions but as occupants of precise microanatomical niches. Digital pathology
has transformed slides into gigapixel matrices, to be parsed not only by human eyes but
by convolutional neural networks trained on thousands of diagnostic exemplars. The
laboratory is no longer defined by its microscopes alone; it is also a data centre, a hub of
algorithms, a crucible in which flesh becomes code.

And yet, with every new instrument of precision, pathology discovers its new
uncertainties. Sequencing yields variants of unknown significance, exquisite in detail
but impoverished in interpretation. Artificial intelligence classifies patterns with
uncanny speed, but its inner logics remain opaque, inviting both wonder and distrust.
Spatial genomics reveals neighbourhoods of cellular discourse, but the language of these
interactions is not yet fully decipherable, resembling more a constellation of whispers
than a transcript of intent. The dream of certainty, of a seamless translation from lesion
to truth, recedes ever further even as resolution sharpens.

The reader will find in this volume not a handbook of protocols, but a meditation on
what it means to diagnose in the age of data deluge. The chapters trace how pixels
become prognosis, how gigabases of sequence intersect with the delicate geometries of
histology, how autopsy in the molecular era acquires an afterlife of interpretation. Here,



pathology is no longer only a science of morphology, but an epistemology that straddles
histology, bioinformatics, systems biology, and machine learning. It asks: what is a slide
when it is also an image dataset? What is a cell when its signature can be reduced to both
morphology and transcriptome? What is a prognosis when it emerges not from the
intuition of the pathologist alone but from the fusion of human judgment and algorithmic
inference?

To engage pathology today is to navigate a terrain where biological tissue, digital pixels,
and molecular codes interpenetrate. Certainty does not reside in any of these alone; it
resides, if at all, in the fragile interpretive act of weaving them together. Pathology at the
edge of certainty is therefore pathology as translation, between matter and data, between
noise and meaning, between death and its decipherment. And in that act of translation
lies not finality, but an unending search, a discipline defined by its humility before
complexity and its persistence in rendering the obscure slightly more legible.

Birupaksha Biswas
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Chapter 1: The Fragile Architecture of Certainty: The
Philosophy of Diagnosis in Pathology

1 Introduction

The act of diagnosis, particularly within the rarefied domain of pathology, has long been
celebrated as the zenith of scientific certainty, an act of naming that transforms the chaos
of suffering into the structured categories of disease. Yet this very celebration is riddled
with paradoxes. For diagnosis is not an act of divine inscription but a fragile edifice,
assembled through layers of inference, contingent observation, partial interpretation, and
the sediment of technological mediation. The discipline of pathology has fashioned itself
as the oracle of medicine, the final arbiter of truth, the silent voice that declares
malignancy or benignancy, inflammation or degeneration, vitality or necrosis. And yet
the very architecture of this certainty trembles when examined closely, for what appears
as definitive is but provisional, what seems fixed is in reality an unstable constellation
of signs, stains, signals, and probabilities.

The notion of certainty in diagnosis rests on the presupposition that disease is a stable
entity, a discrete and enduring ontological unit that can be unmasked by refined
observation. This presupposition is inherited from the classical tradition of nosology that
once imagined pathology as a museum of diseases, each with its own essence, each
discoverable with sufficient vigilance. But the ontological clarity of this museum
collapses when confronted with the blurred realities of cellular heterogeneity, the
incessant flux of molecular pathways, the evolutionary plasticity of neoplasia, and the
protean manifestations of inflammation. To name a lesion is to arrest a process in
language, but the process itself is fluid, mutable, and resistant to final capture.

Technological progress has often been hailed as the redeemer of these uncertainties. The
arrival of electron microscopy, immunohistochemistry, molecular diagnostics, digital
imaging, and most recently spatial genomics has been narrated as the gradual sharpening
of the blurred picture, the conquest of ambiguity by resolution, the illumination of the
hidden by the light of innovation. Yet this progress does not abolish uncertainty; it rather

redistributes it, displaces it, transforms it into new guises. The introduction of
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immunohistochemistry did not dissolve the ambiguity of morphology but introduced a
new ambiguity: the interpretation of staining intensity, the thresholds of positivity, the
choice of antibodies, the problems of cross reactivity. Molecular diagnostics has not
eliminated interpretative dilemmas but has multiplied them, as the significance of a
single nucleotide variant or the prognostic import of a gene fusion is itself embedded in
probabilistic models and contextual dependencies. The dream of certainty collapses
under the weight of its own technological exuberance.

The lacunae that persist are not simply technical deficiencies awaiting future correction
but are structural fissures inscribed in the very epistemology of pathology. Every
diagnosis is mediated through language, and language by its nature is approximate,
metaphorical, and incomplete. The pathologist does not directly perceive the essence of
disease but translates microscopic patterns into lexical formulas, each formula
conditioned by training, culture, and historical contingency. The phrase moderately
differentiated carcinoma is not the voice of nature but the codification of human
consensus. What is called moderate differentiation in one epoch may be renamed
intermediate grade in another, and the boundary between categories is never
ontologically absolute but socially negotiated. Thus certainty is not a correspondence
between word and thing but a fragile agreement within a community of interpreters.

The philosophical fragility of diagnostic certainty is further exposed by the problem of
thresholds. In pathology, thresholds govern nearly everything: the percentage of blasts
required to call a leukemia, the number of mitoses per field that define a sarcoma, the
depth of invasion that stages a carcinoma. But thresholds are conventions, not
discoveries. They emerge from committees, consensus statements, and statistical
distributions, not from immutable truths. They are adopted for pragmatic reasons, to
enable communication and treatment decisions, but they do not reflect a final boundary
inscribed in biology. Disease processes unfold as continua, yet medicine insists on
discontinuities. The certainty that follows from thresholds is therefore a manufactured
certainty, one that hides the continuity of nature under the grid of classification.

There is also the irreducible subjectivity of perception. Despite the aura of objectivity,
the act of looking down the microscope is never entirely free of interpretation. The
pathologist brings to the slide not only visual acuity but expectation, memory, fatigue,
and unconscious bias. What one observer calls atypical lymphoid proliferation another
may call early lymphoma, and both readings are defensible within the elastic margins of
diagnostic criteria. Interobserver variability, often reported in statistical terms, is not a
trivial inconvenience but a revelation of the constitutive instability of diagnosis.
Technology can assist, augment, and standardize, but it cannot abolish the role of the
human interpreter, and with the interpreter enters ambiguity.



One might argue that artificial intelligence promises to transcend this instability by
replacing subjectivity with algorithmic consistency. Yet algorithms themselves are
trained on human labelled data, and their predictions are tethered to the assumptions
embedded in their training sets. Artificial intelligence does not float above uncertainty
but inherits it, amplifies it, and occasionally conceals it under the veneer of precision.
The illusion of certainty is thereby deepened, for a probability distribution rendered by
a machine acquires the aura of objectivity even though it remains grounded in the same
interpretative fragility.

The philosophy of diagnosis in pathology therefore demands a recognition of limits.
Certainty, as commonly imagined, is an illusion. What the discipline provides is not truth
in the metaphysical sense but working truth, pragmatic truth, truth adequate for guiding
therapy and prognosis but always susceptible to revision. This fragility is not a weakness
but a mark of humility, an acknowledgment that medicine engages with living systems
of staggering complexity, systems that defy final codification. The role of pathology is
not to abolish uncertainty but to navigate it, to provide the most coherent and useful
interpretation at a given moment, while remaining open to correction as knowledge
evolves.

To recognize this is to shift from the arrogance of certainty to the ethics of provisionality.
The pathologist is not the high priest of absolute truth but the steward of careful
judgment, the custodian of fragile knowledge. Such a shift requires a philosophical
reorientation: to see diagnosis not as the revelation of hidden essences but as the
construction of models, the generation of narratives, the crafting of linguistic and visual
approximations that serve human purposes while never exhausting reality.

The lacunae that persist despite technological progress are thus not failures but
testimonies. They testify to the inexhaustibility of biological phenomena, to the
irreducibility of life to categories, to the humility that must accompany scientific
practice. Pathology, in its aspiration to certainty, encounters the limits of knowledge,
and in encountering those limits discovers its own philosophical depth. The fragile
architecture of certainty, rather than being demolished, must be embraced as a structure
that shelters practice while acknowledging its cracks.

In this light, the task of the future is not to dream of a final technology that will abolish
all ambiguity, but to cultivate intellectual virtues that dwell within ambiguity: patience,
openness, reflexivity, and critical awareness. Only then can the discipline avoid the twin
perils of dogmatism and despair. Dogmatism clings to certainty as if it were absolute,
despair laments its absence; but wisdom dwells in the middle, recognizing certainty as
an illusion and yet affirming the value of its fragile architecture for the healing of human
beings.
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Chapter 2: Morphological Pitfalls: When Slides Betray
the Eye

The epistemological project of pathology has always been entwined with the interpretive
gaze. The microscope becomes not merely an instrument of magnification but an
epistemic lens through which the biological real is translated into diagnostic discourse.
Yet, this gaze is never infallible. The slide that appears as a crystalline repository of truth
can just as easily function as a treacherous mirror, reflecting ambiguities, deceptive
resemblances, and morphologies that whisper false narratives. In this fragile theatre of
interpretation, errors do not always arise from ignorance or inattention; they often
emerge from the very excess of similarity, from the cunning mimicry of cellular forms,
and from the limitations of human cognition when confronted with infinite biological
variation.

The pitfalls of morphology are not relics of an antiquated era but enduring features of
daily practice. Even as molecular diagnostics, digital algorithms, and automated
quantification expand their dominion, the interpretation of cellular and tissue
morphology continues to constitute the backbone of diagnostic pathology. The slide
remains sovereign, and with it remain the silent snares that confound certainty. To map
these pitfalls is not merely an exercise in technical caution but an inquiry into the
philosophy of interpretation, for the betrayals of the slide reveal the fissures in the
architecture of certainty itself.

Speaking about the Ancient Traps of Histopathology,the classical traps of morphology
are those that recur with almost ritual inevitability, defying generations of accumulated
wisdom. Among the most notorious is the resemblance between reactive atypia and
malignancy. The inflamed epithelium, distorted by regenerative hyperplasia, often
mimics the features of carcinoma: nuclear enlargement, irregular chromatin, and
occasional mitotic figures. Conversely, well differentiated carcinomas frequently
simulate benign proliferations, their orderly architecture masking a sinister biology. The
danger lies in the ambiguity of thresholds, for there is no ontological line that cleanly
separates regeneration from neoplasia.



Similarly, the granulomatous reaction can mislead the pathologist into divergent
interpretations. Caseating necrosis may point toward tuberculosis, yet similar necrosis
arises in fungal infections, sarcoid-like reactions, and even in neoplastic necrosis. The
epithelioid histiocyte, that most archetypal marker of granulomatous pathology, is not a
singular signature but a promiscuous participant in a multitude of inflammatory contexts.
Here again the eye can be betrayed by morphological universals that conceal etiological
plurality.

Cytology presents its own pantheon of traps. Reactive mesothelial cells, swollen and
multinucleated, often simulate metastatic adenocarcinoma in effusion cytology. Their
abundant cytoplasm, prominent nucleoli, and occasional vacuolation are
indistinguishable without immunocytochemistry. Likewise, degenerating lymphocytes
or histiocytes can masquerade as malignant hematopoietic blasts. The smear, while
elegant in its immediacy, exposes the interpreter to the tyranny of mimicry, where
reactive and neoplastic morphologies converge upon identical appearances.

The proliferation of ancillary technologies has not dissolved these ambiguities but has
generated new layers of interpretative instability. Immunohistochemistry, heralded as a
solution to morphological mimicry, is itself riddled with traps. The cross reactivity of
antibodies, the variability of staining protocols, and the contextual dependence of marker
expression all conspire to create uncertainty. Cytokeratin positivity may be interpreted
as epithelial lineage, yet sarcomas, melanomas, and even some lymphomas may express
keratins aberrantly. Conversely, classical markers of lineage may be lost in poorly
differentiated tumors, leading to misclassification. The slide is no longer betrayed solely
by morphology but by the immunophenotypic masks that tumors adopt.

Molecular pathology, too, has unveiled paradoxes. The identification of gene fusions,
mutations, or amplifications has certainly revolutionized diagnosis and therapy, yet the
interpretation of these findings is far from absolute. A genetic alteration may be
pathogenic in one context but incidental in another. For example, BRAF mutations occur
in melanomas, thyroid carcinomas, and benign nevi. The presence of a mutation is not
synonymous with malignancy but must be read through the prism of histology, clinical
presentation, and biological plausibility. Thus, the dream of certainty through molecular
analysis dissolves into a landscape of contextual interpretation, reinforcing the fragility
of diagnostic finality.

One of the most persistent sources of diagnostic error arises from the inherent overlap
between entities that medicine insists on classifying as distinct. The distinction between
atypical ductal hyperplasia and ductal carcinoma in situ in breast pathology exemplifies
this difficulty. Both display architectural and cytological atypia, and the threshold
between them is defined not by absolute morphology but by arbitrary criteria such as
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lesion size and distribution. Similarly, the line between endometrial hyperplasia with
atypia and well differentiated endometrioid carcinoma remains porous, a boundary
where diagnostic categories blur into one another.

The seduction of overlap is particularly pernicious in soft tissue pathology. The
morphological continuum between benign fibrous proliferations and low-grade
sarcomas resists crisp categorization. The spindle cell, that ubiquitous inhabitant of
mesenchymal pathology, offers few specific clues; its shape is universal, its arrangement
protean, and its nuclear features variable. Entities such as fibromatosis, low grade
fibrosarcoma, and reactive scar tissue may all converge upon similar microscopic
landscapes. Even experienced pathologists may be ensnared, for the slide itself refuses
to submit to categorical purity.

Not all pitfalls are inscribed in morphology alone; many emerge from the interpretative
machinery of the human mind. Cognitive biases silently infiltrate diagnostic reasoning,
shaping what the pathologist perceives and concludes. Anchoring bias may cause an
observer to cling to an initial impression, ignoring contradictory evidence. Confirmation
bias drives the interpreter to selectively perceive features that reinforce the preliminary
hypothesis while overlooking discordant elements. Overconfidence bias imbues the act
of diagnosis with unwarranted certainty, concealing the fragility of the underlying
evidence.

These biases are magnified by the pressures of daily practice. The volume of cases, the
demand for rapid turnaround, and the fatigue of repetitive examination create fertile
conditions for cognitive shortcuts. The slide then becomes a canvas upon which
expectation and exhaustion inscribe their distortions. The betrayal is not in the tissue but
in the mind, and yet it manifests as a diagnostic error with tangible consequences.

The rise of digital pathology and artificial intelligence has introduced a new dimension
of pitfalls. Digital slides promise reproducibility, standardization, and the elimination of
human variability. Yet the translation of glass slides into pixels is not neutral. Resolution
limits, scanning artifacts, and color calibration can alter visual perception. More
profoundly, artificial intelligence models are trained on datasets curated by human
experts, and thus inherit the biases, errors, and uncertainties of their creators.

When algorithms assign probabilities of malignancy, they confer an aura of
mathematical objectivity. Yet these numbers are not ontological truths but statistical
reflections of training data. A ninety percent probability of carcinoma does not mean that
the lesion is ninety percent malignant; it means that in ninety percent of similar cases
labeled by humans the lesion was considered malignant. The certainty implied by
numbers is therefore an illusion, a digital mirage that conceals the same fragility that has
always haunted morphology.



The betrayals of morphology cannot be entirely abolished because they are inscribed in
the very structure of diagnostic practice. Morphology is a representation, not a direct
encounter with essence. What the pathologist sees are sections stained, processed, and
transformed, a highly mediated artifact rather than the living process itself. Tissue
fixation alters cellular morphology, processing induces shrinkage, and staining
accentuates some features while obscuring others. The slide is a translation, and like all
translations it introduces distortions.

Moreover, biology itself resists categorical fixity. Diseases are not Platonic essences but
dynamic processes, shaped by genetics, environment, and time. To expect morphology
to yield absolute certainty is to impose a static taxonomy upon a fluid reality. The pitfall,
therefore, is not merely technical but ontological: the world itself is not constructed in
the discrete categories that diagnosis demands.

If the slide inevitably betrays the eye, the solution is not to seek impossible certainty but
to cultivate strategies of humility and reflexivity. The pathologist must recognize
diagnosis as a provisional act, a working hypothesis subject to revision in the light of
new data. Multimodal integration becomes essential, where morphology is considered
alongside clinical findings, radiology, immunophenotyping, and molecular profiles. The
aim is not to eliminate pitfalls but to distribute the weight of uncertainty across multiple
domains, reducing the risk of catastrophic error.For examples ,in pulmonary pathology,
one of the most challenging pitfalls is the distinction between adenocarcinoma in situ,
minimally invasive adenocarcinoma, and invasive adenocarcinoma, particularly when
biopsy artefact obscures architecture and reactive pneumocytes with prominent nucleoli
mimic neoplastic cells; diffuse alveolar damage with exuberant pneumocyte hyperplasia
may simulate lepidic carcinoma, and even immunohistochemistry is not absolute since
thyroid transcription factor 1 (TTF-1) can stain both reactive and malignant epithelium
[1]. Granulomatous inflammation illustrates another trap, for necrotizing granulomas
may suggest tuberculosis yet arise equally in histoplasmosis, cryptococcosis,
blastomycosis, or as sarcoid-like reactions near carcinomas or in drug reactions [2]. In
effusion cytology, reactive mesothelial cells masquerade as adenocarcinoma due to their
enlarged nuclei and abundant cytoplasm, requiring careful morphologic vigilance and
markers such as calretinin and WT1 [3]. Renal pathology also demonstrates the fragility
of morphology, with lupus nephritis and infection associated glomerulonephritis both
producing proliferative lesions and immune complex deposits that without serological
context may be indistinguishable [4]; similarly, crescentic glomerulonephritis
encompasses pauci-immune, immune complex, and anti-glomerular basement
membrane variants that cannot be resolved by light microscopy alone and even
immunofluorescence may mislead due to weak staining or sampling limitations [5].
Renal oncocytic neoplasms further illustrate overlap, since chromophobe renal cell

carcinoma and oncocytoma share granular eosinophilic cytoplasm and nesting patterns,
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and even immunohistochemical profiles such as CK7 or KIT may fail to distinguish them
with certainty [6]. In hematolymphoid pathology, reactive follicular hyperplasia may
mimic follicular lymphoma, and low-grade follicular lymphoma may appear deceptively
benign, with BCL2 staining offering guidance but not absolutes since occasional reactive
follicles may express it and conversely some lymphomas may lack it [7]. Distinguishing
diffuse large B-cell lymphoma from viral immunoblastic proliferation can be equally
treacherous, as Epstein-Barr virus induces dramatic reactive changes resembling
neoplasia [8], and in the marrow, mild dysplasia may be dismissed as reactive while
early myelodysplasia may masquerade as aplasia [9]. These morphological snares are
amplified by cognitive biases such as anchoring, confirmation, and overconfidence,
where the knowledge of clinical history or laboratory results unconsciously predisposes
interpretation. Digital pathology and artificial intelligence, though promising
reproducibility, introduce new pitfalls since scanning artefacts and training set biases
propagate interpretive errors, while molecular diagnostics produce their own paradoxes
such as MYD88 mutations suggesting lymphoplasmacytic lymphoma yet occurring in
other B-cell malignancies and even in reactive conditions [10], or BRAF mutations
occurring in melanoma and papillary thyroid carcinoma but also in benign nevi [11].
Thus, the slide does not deliver immutable certainty but instead demonstrates that
pathology is a fragile architecture of provisional judgments, where multimodal
integration, clinicopathological correlation, and humility before biological complexity is
indispensable.

Therefore, equally important is the cultivation of cognitive awareness. Pathologists must
be trained to recognize their own biases, to interrogate their initial impressions, and to
remain vigilant against the seductions of overconfidence. The discipline must embrace
a culture that permits uncertainty, encourages second opinions, and institutionalizes the
practice of consensus.

The betrayals of the slide are not anomalies to be eradicated but structural features of
diagnostic practice. Morphology will always harbor mimicries, overlaps, and
ambiguities, for it is a mediated representation of a dynamic reality. Technology may
shift the landscape of pitfalls but cannot abolish them. The pathologist therefore operates
within a fragile architecture of certainty, where every act of naming is provisional, every
category contingent, every threshold negotiated.

Organ Diagnostic Morphological mimickers Ancillary aids (with

system dilemma limitations)

Lung Adenocarcinoma Reactive pneumocytes with | TTF-1
in situ vs | nucleolar prominence; diffuse | immunohistochemistry
minimally alveolar damage with | (may stain both reactive
invasive Vs




invasive hyperplasia simulating lepidic | and malignant
adenocarcinoma carcinoma pneumocytes)
Granulomatous Tuberculosis vs | Special stains (Ziehl—
inflammation histoplasmosis, cryptococcosis, | Neelsen, GMS, PAS);
blastomycosis, sarcoid-like | cultures and PCR;
reactions, tumor-associated | clinicopathological
granulomas correlation
Pleural effusion | Reactive mesothelial cells | Calretinin, WT1, Ber-
cytology mimicking metastatic | EP4 (overlap persists)
adenocarcinoma
Kidney Lupus nephritis vs | Proliferative  lesions  with | Serology,
infection- neutrophils and  immune | immunofluorescence
associated complex deposits (can be equivocal in
glomerulonephritis sampling error)
Crescentic Pauci-immune necrotizing GN | Immunofluorescence,
glomerulonephritis | vs immune complex GN vs | serology (weak staining
classification anti-GBM disease and overlap may
persist)
Oncocytic  renal | Chromophobe RCC vs | CK7, KIT, molecular
neoplasms oncocytoma (granular | profiling (not always
eosinophilic cytoplasm, nesting | definitive)
patterns)
Lymphoid | Reactive follicular | Irregular germinal centers with | BCL2, CDI10, BCL6
tissues hyperplasia vs | centroblasts vs low-grade | IHC (false positives and
follicular lymphoma with bland | negatives occur)
lymphoma architecture
Diffuse large B- | EBV-driven reactive | EBV in-situ
cell lymphoma vs | immunoblasts resembling | hybridization, clonality
immunoblastic lymphoma studies
proliferation
Early MDS vs | Hypocellularity and mild | Cytogenetics and
reactive marrow dysplasia mimicking aplastic | molecular profiling (not
anemia or reactive change always available)
Cross- Molecular MYD88 mutations not specific | Multimodal
cutting mimicry for lymphoplasmacytic | interpretation,
pitfalls lymphoma; BRAF mutations | correlation with
seen in benign nevi as well as | morphology and clinic
malignancies

Table:Morphological Pitfalls in Routine Pathology Practice

To acknowledge this fragility is not to diminish the authority of pathology but to elevate
it. For true authority does not arise from an illusion of infallibility but from the

disciplined exercise of judgment within acknowledged limits. The slide may betray the
9



eye, but it also teaches humility. The pathologist, in navigating its traps, becomes not
merely a diagnostician but a philosopher of uncertainty, a custodian of provisional truths
in a world that resists final capture.

References

(1]

(9]

Travis WD, Brambilla E, Nicholson AG, et al. The 2021 WHO Classification of Lung
Tumors: Impact of Advances Since 2015. J Thorac Oncol. 2021;16(5): 679-707.
Mukhopadhyay S, Gal AA. Granulomatous lung disease: an approach to the differential
diagnosis. Arch Pathol Lab Med. 2010;134(5):667-690.

Chhieng DC. Role of immunocytochemistry in effusion cytology. Diagn Cytopathol.
1999;21(6):397-401.

Jennette JC, D’Agati VD, Olson JL, Silva FG. Heptinstall’s Pathology of the Kidney. Tth ed.
Philadelphia: Wolters Kluwer; 2015.

Bajema IM, Wilhelmus S, Alpers CE, et al. Revision of the International Society of
Nephrology/Renal Pathology Society classification for lupus nephritis. Kidney Int.
2018;93(4):789-796.

Williamson SR, Gupta NS, Eble JN, et al. Renal oncocytoma: Morphologic spectrum and
diagnostic pitfalls. Am J Surg Pathol. 2015;39(7):877-888.

Swerdlow SH, Campo E, Pileri SA, et al. The 2016 revision of the World Health Organization
classification of lymphoid neoplasms. Blood. 2016;127(20):2375-2390.

Ferry JA, Fung CY, Zukerberg L, et al. Epstein-Barr virus-associated lymphoproliferative
disorders. Am J Surg Pathol. 1999;23(5):547-559.

Arber DA, Orazi A, Hasserjian R, et al. The 2016 revision of the World Health Organization
classification of myeloid neoplasms and acute leukemia. Blood. 2016;127(20):2391-2405.

[10] Treon SP, Xu L, Hunter Z. MYD88 mutations and response to ibrutinib in Waldenstrom’s

macroglobulinemia. N Engl J Med. 2015;373(6):584-586.

[11]Xing M. BRAF mutation in thyroid cancer. Endocr Relat Cancer. 2005;12(2):245-262

10



Deep Science Publishing, 2025
https://doi.org/10.70593/978-93-7185-569-3 Open Access Books

Chapter 3: Cytology Vs Histology, A Dialogue of
Discord

complementary yet often antagonistic methodologies of discerning disease. Cytology
embodies immediacy and minimalism, extracting knowledge from exfoliated cells, fine
needle aspirates, and effusion sediments, offering a language of nuclear detail,
cytoplasmic modulation, and textural nuance that transcends gross morphology.
Histology, conversely, delivers the profundity of tissue architecture, the orchestration of
cellular arrangement in their stromal and vascular context, the choreography of invasion,
desmoplasia, necrosis, and organotypic transformation. Both are forms of interpretation
and both are mediated by the limitations of sampling, processing, staining, and above
all, human judgment. It is in their juxtaposition that the paradox of diagnostic certainty
is most acutely revealed, for cytology often anticipates malignancy where histology
demurs, while histology sometimes discovers invasive disease where cytology has
suggested reactive safety. The dialogue between them is therefore not harmonious but
dissonant, a dialectical oscillation between immediacy and depth, between fragment and
whole, between suggestion and confirmation.

The historical ascendancy of cytology is intertwined with the vision of Papanicolaou,
who transfigured cellular exfoliation into a diagnostic art that could identify neoplasia
long before it manifested as architectural disruption. The cervical smear became a
paradigmatic triumph of cellular scrutiny, a technology that altered epidemiology by
intercepting carcinoma at the preinvasive stage. Histology, by contrast, emerged from
Virchow’s cellular pathology, embedding disease in the tissue context, in the
architectural totality where cellular aberrations only acquire meaning when orchestrated
in spatial relation. Cytology offers the poetry of isolated cells while histology narrates
the prose of contextual invasion. When these two epistemes converge, certainty appears
almost absolute, yet when they diverge, the pathologist is confronted with a rift that
destabilizes diagnostic conviction and renders visible the fragile architecture of truth.

Discord manifests prominently in effusion cytology. Reactive mesothelial cells can
display nuclear enlargement, prominent nucleoli, and irregular chromatin that simulate

11



adenocarcinoma. In pleural fluids, mesothelial hyperplasia may overwhelm the cellular
field, masquerading as malignant infiltration. Immunohistochemistry is invoked with
markers such as calretinin, WT1, and BerEP4, yet their interpretative precision is
troubled by overlapping expression patterns, leaving cytology vulnerable to false
positives. Histology of pleural biopsies may restore architectural clarity, demonstrating
mesothelial proliferation without invasion, yet even this is occasionally confounded
when sampling misses focal metastasis. Thus, cytology may appear malignant where
histology is benign, or histology may demonstrate invasion where cytology had declared
mere reactivity, underscoring the impossibility of total concordance.

In thyroid pathology, fine needle aspiration cytology (FNAC) is an indispensable front-
line tool, yet it is haunted by indeterminate categories. Follicular lesions epitomize the
cytological dilemma, for nuclear morphology may suggest neoplasia but architectural
evidence of capsular or vascular invasion is unavailable. Cytology may confidently
describe a “follicular neoplasm” but cannot distinguish adenoma from carcinoma.
Histology becomes indispensable to resolve this paradox, yet histology itself is not
immune to error, for equivocal capsular penetration or tangential sections may mislead
even the seasoned eye. The Bethesda system reflects an acknowledgment of this gray
zone, institutionalizing uncertainty into diagnostic categories. Cytology is thus
simultaneously indispensable for triage and insufficient for definitive classification,
while histology holds the architectural key but is not invulnerable to interpretative
discord.

Pulmonary pathology provides another terrain where cytology and histology oscillate
between harmony and discord. Fine needle aspiration of lung nodules reveals nuclear
atypia, gland-forming clusters, or squamoid fragments suggestive of carcinoma, yet
reactive pneumocytes in the setting of diffuse alveolar damage may mimic
adenocarcinoma in situ. Cytology may thus exaggerate malignant potential, while
histology of core biopsy may mitigate by revealing reparative hyperplasia. Conversely,
small biopsies may under call invasive growth due to sampling limitations, while
cytology had already raised suspicion of aggressive disease. The multiplicity of lung
lesions, from granulomatous inflammation simulating carcinoma to small cell carcinoma
masquerading as poorly differentiated non-small cell carcinoma, underscores the
necessity of integrating both cytological detail and histological architecture. Ancillary
studies such as immunohistochemistry and molecular profiling add layers of
discrimination but cannot obliterate the possibility of discord.

Renal pathology illustrates the paradox in the sphere of medical disease rather than
neoplasia. In lupus nephritis, cytological impression of urine sediment may show active
casts and dysmorphic erythrocytes, suggesting proliferative glomerulonephritis, yet only
biopsy histology can reveal the precise class of disease. Even within biopsies, histology
alone may fail to differentiate between lupus nephritis and infection-related
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glomerulonephritis when immune complex deposition patterns overlap.
Immunofluorescence and electron microscopy restore a degree of clarity, yet cytology
remains peripheral and provisional. In renal tumors, however, cytology from fine needle
aspiration often struggles to distinguish oncocytoma from chromophobe renal cell
carcinoma, a discord only resolvable by histology with ancillary molecular adjuncts.
Thus renal lesions epitomize the insufficiency of either modality in isolation.

Lymphoid pathology constitutes perhaps the most treacherous field of discord. Cytology
of lymph node aspirates can suggest reactive hyperplasia, follicular neoplasia, or large
cell transformation, yet without architectural correlation, follicular lymphoma may
masquerade as reactive proliferation. Conversely, diffuse large B-cell lymphoma may
be misclassified as immunoblastic proliferation in viral infection on cytology alone.
Histology supplies architectural anchoring but may fail in early disease where the pattern
is subtle or equivocal. Ancillary techniques such as flow cytometry,
immunohistochemistry, and molecular clonality studies extend interpretive confidence,
yet they too encounter limitations when small samples yield insufficient material or
when genetic alterations are not pathognomonic. Discord is thus systemic, inherent to
the very epistemology of diagnosis rather than accidental or remediable.

The discord between cytology and histology is not merely technical but philosophical.
Cytology confronts us with the problem of fragmentary knowledge, the glimpse without
the context, the intimate but incomplete. Histology confronts us with the illusion of
totality, the architectural vision that may conceal as much as it reveals. The paradox is
that both are simultaneously indispensable and insufficient, bound in a dialogue where
certainty is always deferred. The discord is not a defect to be eliminated but a constitutive
dimension of pathology itself, reminding us that diagnosis is a performance of
interpretation rather than an objective extraction of truth. The dissonance between
cytology and histology is thus an epistemological necessity, a structural feature of
medical knowledge that resists final resolution
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Organ / | Cytological Histological confirmation Nature of discord
Site impression
Thyroid | Follicular neoplasm | Follicular adenoma or | Cytology cannot resolve
suggested by nuclear | carcinoma only distinguished | invasion, leading to
atypia by capsular or vascular | indeterminate category
invasion
Pleural | Reactive mesothelial | Biopsy shows mesothelial | False positive cytology
effusion | cells misinterpreted | proliferation without invasion | vs reassuring histology
as adenocarcinoma
Lung Reactive Biopsy shows diffuse alveolar | Cytology overcalls
FNA pneumocytes damage or reparative | malignancy
simulating hyperplasia
adenocarcinoma
Renal Oncocytic Histology resolves as | Cytology lacks
tumor neoplasm, oncocytoma or chromophobe | discriminatory
aspirate | indeterminate carcinoma architecture
Lymph | Reactive hyperplasia | Histology reveals follicular | Cytology undercalls
node or viral | lymphoma or diffuse large B | malignancy
FNA immunoblastic cell lymphoma
proliferation
Cervical | High grade | Biopsy reveals only reactive | Cytology  exaggerates
smear squamous atypia or low grade lesion lesion grade
intraepithelial lesion
suspected
TABLE: Classic Examples of Discord Between Cytology and Histology
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Chapter 4: Immunohistochemistry and Its Disguises

Immunohistochemistry has been enshrined as one of the most transformative modalities
in diagnostic pathology, providing visual affirmation of protein expression within the
sanctum of tissue architecture. Its semiotic appeal lies in the chromogenic translation of
antigen—antibody binding, wherein molecular invisibility becomes stained visibility. Yet
this seeming transparency is an elaborate illusion, since the method is haunted by the
specter of cross reactivity, epitope masking, antigen retrieval variability, fixation
artifacts, and the misdirection that ensues when a single antibody assumes multiple
identities across divergent tissue lineages. The perceived authority of a brown nuclear or
cytoplasmic signal can obscure the epistemic fragility of its interpretation. Absolute
specificity in IHC is unattainable, for every marker carries an echo of ambiguity, a
residual potential for misrepresentation, and a paradox where confirmation can
simultaneously disguise contradiction.

At its core IHC is not only a chemical reaction but a semiotic transaction. A brown or
red precipitate is interpreted as presence, but the contextual meaning is dependent on
cellular geography, morphologic gestalt, and clinicopathological integration. The
semiotic power of IHC arises from the juxtaposition of color against form. However, this
same dependence on context opens the space for disguises, for a positively stained
cytoplasm may be reactive rather than neoplastic, a membrane accentuation may reflect
nonspecific trapping, and a nuclear positivity may result from overstaining. Color is
seductive, but its interpretation is never autonomous. It is a language that requires syntax,
and without syntax the meaning becomes a deception.

Formalin fixation, while ubiquitous, alters the chemical environment of epitopes, leading
to cross linking that masks antigenic sites. Antigen retrieval, whether by heat induced
epitope retrieval or enzymatic digestion, seeks to undo these alterations but introduces
its own inconsistencies. The outcome is variability that can generate false negatives
when retrieval is insufficient, or false positives when retrieval is overly aggressive,
producing background haze that masquerades as specific signal. The disguise is not
intentional but technical, yet its impact is profound, for a negative stain may be read as
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biological absence rather than methodological artifact, and a diffuse haze may be
mistaken for true immunoreactivity.

Every antibody in IHC functions as both a tool and a disguise. Monoclonal antibodies
promise specificity, yet their epitopes may be shared across cell types, producing
unintended staining. Polyclonal antibodies, with their breadth of binding, magnify the
danger of cross reactivity. Even the clones considered canonical, such as CD3 for T cells
or CD20 for B cells, can exhibit staining in unexpected lineages under certain conditions.
The antibody is therefore a masked actor, one whose apparent fidelity can betray the
pathologist when the stage of interpretation is dimly lit by inadequate clinical
information or ambiguous histomorphology.

In pulmonary neoplasms the trinity of TTF1, Napsin A, and p40 has become a guiding
immunohistochemical compass. Yet TTF1 positivity can occur in metastatic thyroid
carcinoma, Napsin A may stain renal neoplasms, and p40, while favoring squamous
differentiation, can produce focal staining in certain adenocarcinomas. The lung
therefore becomes a theatre where markers intended to draw sharp distinctions may
instead blur boundaries, complicating the dichotomy between adenocarcinoma and
squamous carcinoma.

In renal neoplasms IHC often disguises rather than clarifies. The supposed
discriminative power of CK7, KIT, and CD117 in distinguishing chromophobe renal cell
carcinoma from oncocytoma is frequently undermined by overlapping staining profiles.
Similarly, PAXS, often invoked as a renal lineage marker, may decorate gynecologic
neoplasms, thyroid tumors, and even subsets of pancreatic carcinomas, confounding
metastatic workups. The disguise here lies in lineage promiscuity, where a single
transcription factor claims multiple ancestries.

The immunohistochemical landscape of lymphoid pathology is a labyrinth of disguises.
CD30, emblematic of classical Hodgkin lymphoma, also appears in activated T cells,
anaplastic large cell lymphoma, and even reactive conditions. BCL2 expression, once
thought to signify follicular lymphoma, is now recognized in reactive germinal centers
in older individuals. The false certainty of a single stain has been repeatedly dismantled
by the kaleidoscopic overlap of immunophenotypes across reactive and neoplastic
conditions.

Hepatocellular carcinoma is often confirmed with HepParl and arginasel, yet HepParl
can also stain gastric and intestinal adenocarcinomas, while arginasel, though more
specific, occasionally shows reduced sensitivity in poorly differentiated hepatocellular
carcinoma. The IHC signature becomes less a fingerprint than a shadow, one that guides
but cannot guarantee identity.
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To escape the disguises of individual stains, pathologists assemble panels, invoking the
principle that truth emerges from combinatorial patterns rather than isolated signals. Yet
panels too can be deceiving, for when overlapping markers converge on multiple
diagnostic possibilities, the interpretive matrix collapses into ambiguity. A metastatic
renal cell carcinoma may mimic hepatocellular carcinoma by expressing HepParl,
whereas a lung adenocarcinoma metastatic to the liver may mimic cholangiocarcinoma
with CK7 and CK19 positivity. The mirage of panels is that multiplicity of stains equates
to certainty, when in fact multiplicity can compound confusion.Now , Molecular
diagnostics, with their precision in detecting DNA mutations, RNA fusions, and
methylation profiles, often expose the disguises perpetrated by IHC. For instance, ALK
or ROS1 immunostaining in lung cancer can generate false positives due to nonspecific
background, necessitating confirmatory fluorescence in situ hybridization or next
generation sequencing. Similarly, IDH1 R132H immunostaining in gliomas may miss
non canonical mutations detectable only by sequencing. Molecular methods reveal that
IHC is not an endpoint but a provisional proxy, vulnerable to both technical and
biological disguises.

Speaking about the disguise, IHC is not merely a technical flaw but an ontological
feature of diagnostic practice. Proteins do not exist to serve pathologists. They are
multifunctional molecules with overlapping expression domains across tissues,
developmental stages, and pathological states. IHC reveals fragments of this biological
continuum but reconfigures them as diagnostic binaries. The disguise arises from the
reduction of continuum to dichotomy, from the insistence on yes or no, positive or
negative, where biology traffics in gradients and pluralities. No stain is self sufficient,
no antibody infallible, and no panel omnipotent. Diagnostic practice must incorporate a
constant awareness of these limitations, treating every positive as a provisional truth
subject to revision, and every negative as a possible artifact of fixation, retrieval, or clone
specificity. The pathologist must learn to read stains as fragments in a larger narrative,
rather than as oracles of absolute truth.

Context Marker Intended Source of disguise Ilustrative pitfall
employed | diagnostic role
Lung TTF1, Differentiate Cross expression in | Misclassification of
carcinoma | Napsin A, | adenocarcinoma | thyroid, renal, and | metastatic thyroid
p40 VS  squamous | rare carcinoma as primary
carcinoma adenocarcinomas lung adenocarcinoma
Renal CK7, Differentiate Overlapping Inability to definitively
tumors KIT, chromophobe positivity in both separate  oncocytoma
CD117 RCC Vs from chromophobe
oncocytoma RCC
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Lymphoid | CD30, Define Hodgkin | Expression in | Misdiagnosis of reactive
lesions BCL2 lymphoma  or | reactive T cells and | hyperplasia as
follicular benign follicles lymphoma
lymphoma
Liver HepParl, | Confirm HepParl positivity in | Confusion between
tumors Arginasel | hepatocellular gastric  carcinoma; | metastatic
carcinoma reduced sensitivity of | adenocarcinoma  and
Arginasel in poorly | primary hepatocellular
differentiated tumors | carcinoma
CNS IDH1 Define mutant | Only detects | False negative in non
tumors R132H gliomas canonical mutation canonical IDH
mutations
Lung ALK IHC | Identify ALK | Nonspecific False positive requiring
carcinoma rearrangements | background or weak | FISH confirmation
staining

TABLE: Comparative Table of Classical Disguises in IHC

Therefore, disguises embedded in IHC compel us to reflect on its philosophical status.
It is not a mirror of biology but a constructed lens, translating biochemical affinity into
visual affirmation. Its power lies in the mediation between invisibility and visibility, but
its weakness lies in the gap between visibility and truth. Pathology thus operates in a
permanent space of approximation, where immunohistochemistry is both indispensable
and insufficient. To trust it unconditionally is to be deceived by its disguises, but to
abandon it is to relinquish one of the most eloquent instruments of morphological
semiotics.

Finally, Immunohistochemistry, while indispensable, is perennially masked in disguises.
Its colors seduce, its markers persuade, its panels promise resolution, yet beneath these
assurances lies a fragile architecture of uncertainty. To master IHC is not to believe in
its infallibility but to navigate its disguises with skepticism, context, and humility. The
ultimate truth of disease cannot be entrusted to a chromogenic precipitate alone. It
emerges only through the constant dialectic of morphology, immunophenotype,
molecular biology, and clinical integration.
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Chapter 5: Molecular Mirage: The Promises and Perils
of Ngs

Next generation sequencing has acquired a near mythical aura in contemporary
biomedical science, a technology celebrated for its unparalleled throughput and
condemned for its interpretive complexity, a molecular oracle that speaks in gigabases
yet often leaves clinicians, scientists, and patients staring at contradictory hieroglyphs of
probability [1]. In its essence, the technology promises comprehensive insight into the
molecular substratum of disease, revealing exomic landscapes, noncoding terrains,
mutational signatures, and even single cell topographies [2]. But this panoramic clarity
is often an illusion, a mirage shimmering with apparent certainty while concealing
deserts of ambiguity and methodological pitfalls. The paradox of next generation
sequencing lies not only in the technical brilliance of its chemistry and informatics but
in the cognitive burden it imposes, where interpretation is perpetually threatened by
artefacts, background noise, incidental discoveries, and uncertain variants [3].

To begin with, the seductive speed and scale of next generation sequencing deserve
careful recognition. Where the Human Genome Project once consumed a decade and
billions of dollars, modern platforms can map entire exomes or even whole genomes in
days at a fraction of the cost [4]. This acceleration appears miraculous, a bit like moving
from counting stars with the naked eye to commanding the Hubble telescope. Yet
miracles have fine print, and the output of these sequencers is not truth but data streams,
subject to errors of chemistry, alignment, annotation, and database dependence [5]. One
might think of next generation sequencing as a very fast typist who also makes
typographical mistakes at scale; the speed dazzles until one realizes that proofreading
now requires armies of bioinformaticians [6].

In clinical oncology, the promise has been particularly intoxicating. Next generation
sequencing reveals targetable driver mutations in lung adenocarcinoma, guiding the
prescription of tyrosine kinase inhibitors and immune checkpoint blockade [7]. Similar
optimism pervades hematology, where mutational landscapes in acute myeloid leukemia
define prognostic categories and shape transplantation strategies [8]. Inherited diseases
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once consigned to diagnostic oblivion are now illuminated by gene panels, exome
sequencing, and copy number analysis, offering families long awaited answers [9]. But
each success carries shadowy companions. The detection of variants of uncertain
significance can trigger more questions than answers, leading to patient anxiety and
clinician frustration [10]. A family expecting closure may instead receive a bewildering
letter describing a missense change of unknown consequence, which is a little like being
told that one’s car has an unusual rattle that may or may not cause catastrophic failure

[11].

The humorous element arises when one recalls the clinical encounters shaped by such
findings. Imagine a patient said that the sequencing has discovered a mutation in a gene
named after a fruit fly phenotype, yet the significance for human health is entirely
obscure. The physician must explain this in solemn tones, even while knowing that the
report resembles a cosmic joke written in nucleotides [12]. A famous anecdote in
molecular pathology describes the recurrent discovery of synonymous variants that alter
no amino acid but still provoke expensive clinical consultations [13]. The mirage here is
not simply the false promise of utility but the institutional weight accorded to genomic
data, where uncertainty is disguised as progress.

Coverage is uneven across the genome, GC rich regions resist faithful sequencing,
structural variants are underappreciated, and short read technology often fails to map
complex repeats [ 14]. Bioinformatic pipelines, though standardized in principle, diverge
widely in practice, producing variable calls from identical raw data [15]. Annotation
databases contain errors, and variant classification depends heavily on population
frequency data that may be ethnically skewed [16]. Thus, the elegant variant of one
database becomes the benign polymorphism of another. This discordance resembles
three dictionaries disagreeing on the meaning of a word, leaving the translator stranded
in semantic purgatory [17].

In the realm of infectious disease, next generation sequencing promised rapid outbreak
tracking and antimicrobial resistance prediction. During the SARS CoV 2 pandemic,
sequencing illuminated viral evolution and guided public health responses [18]. Yet here
too the mirage appeared, as not every sequenced mutation translated into altered
pathogenicity or clinical relevance [19]. Journalists sometimes portrayed every novel
lineage as a monster, whereas molecular virologists knew that many mutations were
evolutionary dead ends, molecular graffiti on a replicating genome [20].

Even within precision oncology trials, dissonance is evident. Basket trials based on
mutation presence alone have produced inconsistent outcomes, revealing that the same
mutation may predict therapeutic response in one tissue but not in another [21]. Biology
resists reduction to a single nucleotide substitution, and pathways interact in a networked
ballet beyond the reach of linear interpretation [22]. A mutation in KRAS in colorectal
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cancer predicts resistance to EGFR blockade, yet in lung adenocarcinoma it behaves
differently, illustrating that the context is everything [23]. The patient who hears that
they possess a “targetable mutation” may expect cinematic results, yet the clinical
response may be modest or absent.

The ethical implications of next generation sequencing cannot be overlooked. Incidental
findings in genes such as BRCA1 or TP53 may surface in patients sequenced for
unrelated conditions, forcing clinicians into delicate discussions about cancer risk in
unsuspecting families [24]. The American College of Medical Genetics has issued lists
of actionable incidental findings, but the philosophical question remains whether every
discovery must be disclosed [25]. Patients may not wish to know, and yet ignorance may
be perilous. The burden of genomic knowledge recalls the myth of Cassandra, cursed to
see the future but unable to alter it [26].

Think of your favorite library. Traditional sequencing is like borrowing one book,
reading it cover to cover, and then reporting every word you found. It is slow but very
precise. NGS, in contrast, is like if thousands of people stormed into the library at once,
each tearing random pages out of every book, then all those scraps are handed to you in
a giant box. Your job is to put the pages back together to figure out what the books
originally said. Most of the pages fit nicely, but some are duplicates, some are smudged
with coffee stains, and a few actually belong to books from another library that snuck
into the box. The power is that you can reconstruct entire shelves of knowledge in a
fraction of the time, but the peril is that if you misplace even a few pages you might end
up thinking Hamlet was a cookbook or that Sherlock Holmes retired as a pastry chef.

The informatic infrastructure required to support next generation sequencing also
deserves scrutiny. Data storage demands are colossal, and cloud-based repositories
introduce questions of security, privacy, and ownership [27]. Insurance coverage for
sequencing varies widely, creating disparities in access and perpetuating genomic
inequity [28]. Laboratories compete to advertise panels of ever-increasing size, but size
does not guarantee interpretive clarity. A gene panel of five hundred entries may sound
impressive, but it is akin to buying a dictionary with more words than one can ever use,
where definitions are sometimes blank [29].

Despite these perils, the technology is here to stay, and its value undeniable when
interpreted with caution. Prenatal diagnosis of severe genetic disease, rapid sequencing
in neonatal intensive care units, detection of minimal residual disease in leukemias, and
noninvasive prenatal testing exemplify scenarios where next generation sequencing has
transformed care [30]. The mirage then is not that next generation sequencing lacks value
but that its value is often overstated, its power exaggerated, its certainty illusory.
Clinicians and scientists must embrace humility, recognizing that sequencing generates
not definitive answers but probabilistic insights. The art of medicine lies in translating
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probabilities into compassionate guidance, acknowledging uncertainty without
surrendering to nihilism.

The dance between promise and peril continues. Next generation sequencing is like a

magician whose tricks one begins to understand. The wonder is real, but so are the wires,

the mirrors, and the occasional rabbit that refuses to appear. As long as we recognize
both the brilliance and the disguises, we can continue to use the technology wisely,

laughing occasionally at its absurdities, mourning its failures, and celebrating its genuine

triumphs.
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Chapter 6: Spatial Genomics: Mapping the Invisible
Territories

Why Spatial Genomics Matter?

Imagine trying to understand a city only by reading its phone book. You would know all
the names, addresses, and phone numbers, but you would have no idea who lives next to
whom, which neighborhoods are lively or quiet, or where the restaurants cluster. This is
exactly what traditional genomics has been doing for years — giving us long lists of
genes and transcripts without telling us where they actually sit in the tissue. Spatial
genomics is the technology that finally lets us walk the streets, peek into the
neighborhoods, and see which genes are gossiping with which neighbors in real time.

The central idea is simple: it is not just what genes are expressed, but where they are
expressed that matters. A cancer gene in the middle of a tumor might mean something
entirely different from the same gene whispered at the invasive edge [1]. A cytokine
gene in a lonely immune cell has different consequences than the same message shouted
in a crowded lymphoid cluster [2]. Without location, biology is blind.

Spatial genomics therefore combines sequencing technologies with microscopy and
imaging to create literal maps of gene expression inside tissues. Think of it as Google
Maps for cells, except instead of traffic jams and coffee shops, you see activated T cells
and malignant clones. Like Google Maps, spatial genomics can zoom in to the single
house level (single cell or subcellular resolution) or zoom out to city blocks (tissue
compartments).

Why is this revolutionary? Because disease is not only about which genes are
misbehaving, but also about where in the tissue the misbehavior takes place. In cancer,
a tumor cell hiding behind fibroblasts is different from one sitting at the bloodstream
frontier [3]. In neuroscience, neurons expressing dopamine receptors in one cortical
layer do very different things than neurons expressing the same receptors in another layer
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[4]. In infectious disease, a single infected macrophage hiding inside a granuloma might
orchestrate pathology in a way that cannot be understood by bulk sequencing [5].

Spatial genomics is thus both thrilling and intimidating. Thrilling, because it promises
to uncover invisible cellular conversations. Intimidating, because it produces an
avalanche of data, like being given not just a phone book, but the entire social media
feed of every resident in the city — including emojis, inside jokes, and random cat
pictures.

To keep this chapter lucid, we will weave in simple analogies and funny examples,
because spatial genomics is complex but does not have to feel impossible. As you read,
picture tissues not as boring flat slides but as bustling neighborhoods with gossiping
residents, hidden rebels, and silent introverts. Spatial genomics is the technology that
lets us finally listen in on these conversations.

To appreciate spatial genomics, one must first recall what came before, because biology
has always been wrestling with the problem of context. For over a century, pathologists
sat at microscopes, peering at stained slides. Hematoxylin and eosin beautifully colored
nuclei in blue and cytoplasm in pink, but while they offered shape, they revealed nothing
about gene expression. Immunohistochemistry added more detail, letting us detect
specific proteins, but each antibody was like a small flashlight that could only light up
one or two features at a time [6]. Imagine trying to understand an orchestra by listening
only to the violins and the drums while the rest of the instruments remain muted. You
would miss the true richness of the symphony.

Then came bulk RNA sequencing, a revolution in scale. Suddenly, instead of hearing
just a few instruments, we could hear the whole orchestra. But there was a catch: bulk
sequencing mashed together every cell in the sample, producing what could best be
described as a smoothie of gene expression [7]. If one rotten banana was in the mix, you
could taste it, but you could not tell which slice of fruit it came from or where it had been
hiding. Context, once again, was lost.

The next breakthrough, single cell RNA sequencing, solved part of this puzzle [8].
Instead of one giant smoothie, every cell now got its own juice glass. Researchers could
profile individual transcriptomes, exposing heterogeneity in tissues that had once looked
uniform. Tumor cells, it turned out, were not a single tribe but a diverse population.
Immune cells were no longer monolithic but displayed astonishing variation. Yet this
innovation carried its own blindness: it lost all sense of geography. It was like receiving
ten thousand text messages without knowing where in the room each sender was
standing. Was the T cell whispering its cytokine message right beside a tumor cell, or
was it yelling from the corner far away? The meaning changes completely depending on
spatial proximity [9].
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This is where spatial genomics was born. The first attempts were almost comical in their
simplicity: scientists literally printed barcoded oligonucleotides onto glass slides,
effectively assigning postal codes to different tissue regions. A thin slice of tissue was
placed on top, and RNA molecules sticking to each barcode revealed not only what genes
were expressed but where [10]. It was like moving from listening to the roar of a stadium
crowd to giving every seat its own microphone. Suddenly, not only could you hear the
cheers, but you could identify exactly which section shouted them [11].

One of the funniest ways to think about this is the pizza party analogy. Imagine hosting
a party with pepperoni, mushroom, and cheese pizzas. Bulk sequencing tells you those
toppings were present but not who ate them. Single cell sequencing tells you Alice ate
pepperoni, Bob ate mushroom, and Clara ate cheese, but it cannot tell you where in the
house they sat. Spatial genomics reveals that Alice was in the kitchen, Bob was in the
living room, and Clara was hiding on the balcony with the last slice. Suddenly the social
map makes sense, and the dynamics of the party are no longer mysterious.

From those humble beginnings, the technologies diversified rapidly. Imaging methods
like MERFISH and seqFISH used fluorescent probes to directly visualize thousands of
RNA molecules in place, while sequencing-based approaches like Slide-seq and 10x
Visium relied on barcoded beads scattered across slides to capture RNA with spatial
identity [12,13]. Each approach balanced trade-offs between resolution, throughput, and
cost, but the underlying principle was profound: knowing both the genetic identity and
the precise location of a cell changes everything. Two immune cells that look identical
in single cell RNA sequencing may in fact play radically different roles if one is nestled
against a tumor cell while the other is buried deep in fibrotic stroma [14].

Even the earliest biological studies proved the power of this approach. In cancer, spatial
transcriptomics revealed that tumor cells sitting at the invasive edge expressed distinct
survival and migration programs compared with those resting in the core [15]. In
neuroscience, spatial maps of the brain captured layered expression patterns that neatly
reflected known cortical architecture but also revealed unexpected gradients and cell
populations [16]. In infectious diseases such as tuberculosis, granulomas displayed
highly organized niches of immune activity, something that bulk sequencing would have
entirely blurred [17].

What emerges is a sense that spatial genomics solved the missing puzzle piece: it not
only showed us the words in the biological story, but also told us where on the page they
belonged. Without it, biology was a jumble of letters floating in the air; with it, the
narrative acquired structure, meaning, and spatial logic.

At its heart, spatial genomics rests on a deceptively simple principle: biology is not only
about what genes are expressed, but also about where they are expressed.
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Traditional single-cell RNA sequencing gave us extraordinary insight into the diversity
of cell types, revealing hidden subpopulations like whispered secrets suddenly amplified
through a megaphone. But it discarded the coordinates. It was like getting a guest list for
a city but losing the addresses. You knew that baristas, musicians, and bakers existed,
but not whether they were clustered in a downtown district or scattered across suburbs.

Spatial genomics restores this missing geography. By combining molecular readouts
with precise location data, it tells us that certain immune cells always gather around
blood vessels, that cancer cells with invasive programs cluster at the tumor edge, and
that neurons with similar transcriptional identities stack into ordered layers of the cortex.

This shift in thinking moves biology from a flat census to a living atlas. It is not just “cell
type A expresses gene X,” but “cell type A expresses gene X at the boundary with cell
type B, and that relationship explains why the tissue behaves as it does.”

Imagine you’re told that a new coffee shop has opened in your city. That’s useful, but
not enough. If you don’t know whether it’s on the corner near your office or hidden two
bus rides away, the information is nearly meaningless. In the same way, knowing a gene
is active is not sufficient; you must also know where it is active to understand its true
role.

Let us take a few more.Bulk sequencing is like tasting a blended smoothie: you know
the ingredients exist, but not which piece of fruit contributed what. Single-cell
sequencing improves this by separating the fruits into individual glasses of juice, but still
leaves you blind to their original positions in the bowl. Spatial genomics finally restores
the map , it shows not only that the apple, banana, and berry are there, but also exactly
where they were sitting before mixing. In music terms, bulk sequencing hears the
orchestra as noise, single-cell sequencing isolates each instrument’s sound, but spatial
genomics reveals their positions in the hall, explaining how harmony is created. In urban
terms, bulk sequencing says a city has cafés, single-cell sequencing lists who brews
coffee, but spatial genomics tells you which street corner the café is on — the detail that
makes the information usable.

Spatial genomics, then, is biology’s map app — it doesn’t just tell you coffee exists, it
drops the pin on the exact street corner.

Technologies in spatial genomics represent a fusion of ingenuity, chemistry, and
computational power, each method attempting to balance the eternal triangle of
resolution, throughput, and feasibility. Imaging based platforms such as multiplexed
error robust fluorescence in situ hybridization (MERFISH) and sequential fluorescence
in situ hybridization (seqFISH) are conceptually elegant. They rely on directly labeling
RNA molecules with fluorescent probes and then capturing their signatures through
cycles of imaging. Imagine trying to count the number of people wearing different
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colored shirts at a rock concert, but instead of glancing once, you photograph the crowd
repeatedly under changing lights until each individual can be identified [18]. These
approaches can target tens of thousands of transcripts in their native cellular coordinates,
offering exquisite resolution down to the subcellular level. Yet the trade off is that the
laboratory becomes something akin to a photo studio crossed with a jigsaw puzzle
factory, where each cycle of imaging adds time, cost, and potential error [19].

Sequencing based strategies such as Slide seq and 10x Visium take a different tack.
Rather than labeling molecules directly, they capture transcripts on arrays of barcoded
beads or printed capture spots. Each bead has a unique molecular address, meaning any
RNA it snags can be traced back to its location [20]. The tissue is laid over the array
much like pressing an ancient manuscript onto carbon paper, leaving an imprint of
molecular messages that can then be sequenced en masse. If imaging approaches are like
using a high powered microscope with a rainbow of dyes, sequencing approaches are
more like listening devices spread across a city, each tuned to pick up local conversations
[21]. The trade off here is resolution. With beads or spots of defined size, one rarely
achieves single cell resolution across an entire tissue, though innovations in smaller bead
sizes and improved chemistry continue to close that gap [22].

What both camps have in common is their ability to transform the flat slides of pathology
into layered maps, each transcript a streetlight illuminating a neighborhood. For
example, one can suddenly see a cluster of inflammatory cells sitting at the periphery of
a tumor mass, or a gradient of neuronal gene expression spanning cortical layers [23].
To appreciate the leap, consider the analogy of urban planning. Traditional pathology
was like flying over a city at night and noting only the outline of lights. Bulk sequencing
was like measuring total electricity consumption without seeing neighborhoods. Single
cell sequencing was akin to interviewing individuals without knowing where they lived.
Spatial genomics finally hands us the equivalent of Google Maps, not only showing
streets and lights but also annotating which families live in which houses and how they
interact [24].

The applications of these tools have already reshaped entire domains of biology. In
oncology, spatial transcriptomics has revealed the quiet conspirators of the tumor
microenvironment. Within what seemed a homogenous tumor, certain stromal niches
shelter fibroblasts that secrete pro tumorigenic signals, while nearby immune cells are
either exhausted or excluded [25]. It is like attending a noisy party where the real
troublemakers whisper in a corner, and until one walks over with a directional
microphone, their mischief goes unnoticed . In neuroscience, spatial methods have
illuminated the brain’s architecture not merely as grey matter but as an intricate
symphony of localized circuits. Neurons expressing inhibitory genes sit precisely
layered, while gradients of gene expression create functional borders that no traditional
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stain could demarcate [27]. It is as if we once heard the murmurs of classrooms behind
closed doors but now can open them and see who is whispering to whom [28].

Immunology too has been revolutionized. Granulomas in tuberculosis, once thought of
as monolithic lesions, are revealed as compartmentalized neighborhoods, with
macrophages, T cells, and bacteria arranged in structured tiers [29]. In autoimmune
diseases, spatial mapping shows where immune infiltrates cluster near target tissues,
clarifying mechanisms of damage [30]. Infectious disease research has benefited as well.
During viral outbreaks, spatial genomics can reveal how infected and bystander cells sit
side by side, explaining why pathology spreads unevenly through tissue [31]. The ability
to visualize not only what genes are expressed but precisely where they are expressed is
akin to moving from a census table to a live action film of a city in motion.

Yet no map is without limitations. The excitement of spatial genomics often collides
with practical challenges. Resolution remains imperfect, with some techniques unable to
resolve true single cell identity in crowded neighborhoods of tissue [32]. Throughput is
another obstacle, as processing and imaging thousands of transcripts requires time,
reagents, and computational power. The resulting datasets are colossal, often several
terabytes, demanding storage solutions and analytical pipelines that rival those of
astronomy [33]. One researcher humorously likened the process to assembling a jigsaw
puzzle of 10,000 sky blue pieces, each piece a transcript that might fit in multiple places
[34]. Cost is another barrier, as the reagents, instruments, and computational resources
remain beyond the reach of many laboratories [35].

Despite these hurdles, the future directions are dazzling. Integration with artificial
intelligence promises to automate the daunting interpretation tasks, teaching algorithms
to spot spatial patterns invisible to the human eye [36]. Coupling spatial genomics with
digital pathology allows histological stains and molecular maps to co register, creating
layered atlases of disease [37]. The fusion with other omics—proteomics, metabolomics,
epigenomics as ushers in a multi dimensional view of biology that could redefine
diagnostics [38]. Imagine a pathologist pulling up a slide that not only shows cell
morphology but also interactive molecular overlays, much like toggling between street
view and satellite imagery in a map application. The analogy of a Google Maps of the
cell is not hyperbole; it is an emerging reality where every cellular landmark is annotated
and searchable [39].

The conclusion is clear. Spatial genomics is not just another technical advance; it is a
new epistemology for biology. It transforms our vision from flat slides and homogenized
data into living maps of tissue architecture, enabling us to ask not only what genes are
expressed but where and in which context. This contextualization reframes fundamental
questions of development, disease, and therapy. The pizza party, the coffee shop on the
right street corner, the whisperers in the noisy party—all of these analogies converge on
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a simple truth: biology is not only a question of identity but of location. By mapping the
invisible territories, spatial genomics gives us a new way of seeing life, one that is likely

to define the coming decades of research and medicine [40].
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Chapter 7: Whispers Of the Dead: Autopsy in the Era
of Molecular Resurrection

There is something profoundly unsettling yet necessary about the silent dialogue
between the living and the dead. For centuries, autopsy has been our most unflinching
tutor, peeling back the veil of life’s end to reveal lessons about disease, error, and truth.
The scalpel of Morgagni, Virchow, and Rokitansky was never just a blade; it was a
philosophical instrument, cutting through conjecture to uncover material certainty. Yet,
as medicine accelerated into the molecular era, autopsy risked being seen as archaic, an
old ritual in a glittering new temple of genomics and digital pathology. And then, with
an ironic twist, molecular technology turned its gaze backward, resurrecting the dead not
as mere cadavers but as archives of genomic, transcriptomic, and spatial information.
What was once only a macroscopic inquiry into organs has now become a
multidimensional excavation, where the dead speak in nucleotides, in protein signatures,
in spatial maps that reconstruct cellular microcosms of disease.

The contemporary autopsy is no longer confined to the gross and microscopic. Histology
is still there, a necessary anchor, but it is enriched with immunohistochemistry that
shades cells into functional categories, with electron microscopy when ultrastructure
whispers clues, and now with next generation sequencing (NGS), spatial
transcriptomics, proteomics, and even epigenomic reconstructions. If pathology once
told the story of how a heart failed, how a lung stiffened, or how a brain bled, molecular
autopsy can reveal which splice variant tipped the balance, which silent mutation
orchestrated arrhythmic catastrophe, or which immune cell subpopulation turned rogue
in silent tissue corners. The corpse has become a molecular archive, and each extraction
is less an autopsy than a resurrection of hidden narratives.

Consider sudden unexplained death in the young. Historically, autopsy was limited to
ruling out structural heart disease or external trauma. When hearts looked normal, the
case ended in ambiguity, a cruel verdict for families left without answers. Enter

molecular autopsy: by sequencing panels of ion channel genes, pathologists could
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suddenly reveal that the dead harbored mutations in SCN5A or KCNQI, linking the
whisper of sudden arrhythmia to a concrete genomic scar [1,2]. The same holds true for
epilepsy, for unexplained stillbirths, for infant death syndromes — what was once filed
as “unexplained” now becomes explicable at the molecular level. The dead in these cases
gift the living not just closure but prophylaxis; surviving relatives may carry the same
variants and can now be protected.

This “molecular resurrection” also reshapes forensic pathology. Gunshot wounds,
poisonings, and blunt trauma still require the classical eye, but in cases of drug
intoxication or metabolic derangements, the genome and transcriptome speak volumes.
Postmortem toxicogenomics can distinguish between true overdose and mere exposure.
Epigenetic clocks are being tested to approximate time of death with more accuracy than
algor mortis or rigor mortis ever permitted [3]. Imagine a courtroom where the dead do
not just lie as mute exhibits but testify through sequenced genomes, their methylation
profiles telling the jury how long ago life ceased.

Yet, autopsy as resurrection is not merely about individual deaths. It is also about
populations. During the COVID-19 pandemic, it was autopsy that broke through
speculation. Early imaging and clinical descriptions painted vague pictures of viral
pneumonia, but it was autopsy that revealed diffuse alveolar damage, endothelialitis, and
microthrombi [4,5]. Molecular analysis went further, demonstrating how viral RNA
persisted in extrapulmonary sites, how interferon signaling shaped tissue injury, how
immune cells staged a chaotic dance across the inflamed lung. These findings fed
directly into therapeutic strategies — anticoagulation protocols, steroid use, and
reconsideration of viral persistence. In this sense, autopsy transcended its morbid theater
and became translational research in real time. The dead quite literally informed the
living, their lungs whispering guidance into ventilator strategies.

Spatial genomics has amplified this translational power. Traditional histology could
show clusters of lymphocytes in myocarditis, but spatial transcriptomics shows which
cytokines each cluster secreted, which fibroblast networks they engaged, and which
endothelial cells were coaxed into inflammatory or reparative programs [6]. A cardiac
section ceases to be a static pink and purple image and becomes an atlas of
communication — immune cell neighborhoods, metabolic zoning, fibrotic architecture
all stitched together. In neurodegenerative diseases, where autopsy has long been the
final word, spatial mapping now demonstrates how microglial states differ not just
between brain regions but within microns, with implications for targeted therapeutics

[7].

Of course, the “resurrection” is not without irony. Dead tissue is not pristine; RNA
degrades, postmortem intervals distort expression patterns, autolysis blurs architecture.
Skeptics argue that sequencing a corpse is like trying to reconstruct a city after an
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earthquake, inferring its order from debris. Yet, technical innovations — RNA
preservation protocols, formalin-compatible extraction kits, and computational
denoising — are making even compromised tissues yield secrets [8]. One might joke
that the dead are remarkably cooperative patients: they never refuse consent for multiple
sections, they never move during imaging, and they never complain when entire organs
are digitized into terabytes of raw data.

The ethical frontier, however, is more complex. Genomic autopsy does not just resurrect
information about the deceased but inevitably implicates the living — parents, siblings,
children. Who owns the postmortem genome? Does sequencing a stillborn fetus mandate
disclosure of carrier status to parents? In some cultures, autopsy itself is taboo, a
desecration, and molecular extraction risks amplifying mistrust. If the dead whisper
secrets, do the living always want to hear them? These questions place molecular autopsy
in a liminal zone between science, law, and philosophy [9].

Education is being reshaped as well. In anatomy theaters of the past, medical students
learned from cadavers that were silent except for the professor’s voice. In future theaters,
digital slides may be overlaid with spatial maps, genomic variants, and proteomic
pathways. A student may peer at a myocardium scar and simultaneously see a list of
driver mutations, an interactive heat map of cytokine neighborhoods, and a 3D
reconstruction of arrhythmogenic circuits. The dead do not simply teach structure
anymore; they teach systems biology. Perhaps one day, the phrase “silent teacher” will
be retired, replaced with “resurrected lecturer.”

The future beckons with yet stranger possibilities. Imagine coupling postmortem NGS
with artificial intelligence that can reconstruct disease trajectories backward in time. The
corpse becomes a dataset from which algorithms extrapolate: this patient developed
inflammation at year three, fibrosis at year five, malignant transformation at year seven.
It is almost necro-cinematography, playing the movie of disease in reverse. For public
health, mass sequencing of autopsy tissues may reveal hidden epidemics: environmental
carcinogens clustering in neighborhoods, subtle metabolic syndromes sweeping
populations before clinical recognition. The morgue may become a sentinel surveillance
hub, the dead alerting us to threats yet invisible among the living [10].

To keep balance, however, one must not romanticize excessively. Autopsy, molecular
or classical, still demands human judgment. Algorithms and sequencing machines can
generate terabytes of data, but only a thoughtful pathologist can contextualize them
within the story of a life and death. A mutation may be detected, but was it pathogenic
or incidental? An RNA signature may suggest inflammation, but was it premortem or a
postmortem artifact? Even in resurrection, the dead whisper ambiguously, and it is the
pathologist’s ear that discerns sense from static.
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And so, autopsy enters the molecular century not as a relic but as a reinvented practice.
It is paradoxical: in the age of minimally invasive biopsies, digital pathology, and living

tissue organoids, the study of the dead has gained new relevance. Death, once final, now

yields data streams that live on. The scalpel and microscope are joined by sequencers

and spatial imagers. The morgue is wired with servers. The cadaver is not just dissected

but decoded. And in this strange convergence, we glimpse the persistence of medicine’s
oldest pedagogical truth: the dead do not merely lie still; they whisper, they instruct, and

now, with molecular resurrection, they may even sing.
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Chapter 8: Bridging The Lacunae: Towards A New
Epistemology of Pathology1 Introduction

Pathology as a discipline has always hovered between art and science, a peculiar middle
ground where one is expected to be both a poet of cells and a mathematician of
molecules. If clinicians are the actors on the stage of medicine, pathologists are the
scriptwriters buried in the backstage dust, deciding whether the play is a comedy, a
tragedy, or a never-ending soap opera. Yet in this invisible yet crucial role, pathology
has always carried certain lacunae—gaps in knowledge, gaps in method, gaps in
interpretation—that continue to irritate like sand in a shoe. The epistemology of
pathology is therefore not merely a matter of identifying cells, stains, and mutations; it
is about how we construct knowledge, how we interpret absence as much as presence,
and how we reconcile the inevitable imperfections of our lenses.

One must first admit that the epistemic discomfort in pathology is older than the field
itself. Early pathologists with microscopes were like children pressing their noses to a
kaleidoscope, marveling at shapes but rarely sure what they meant. They saw
inflammation and called it “phlogiston,” they saw masses and called them “scirrhus,”
and they saw strange cells and labelled them “monster cells,” as if nomenclature itself
could tame uncertainty. The lacuna here was not in observation but in interpretation; we
had eyes but no language, vision but no theory. It is akin to listening to a symphony with
cotton in the ears—you know something profound is happening, but you only hear
muffled fragments and invent explanations that later sound comical.

As the microscope sharpened, so too did the tendency to believe that seeing was
knowing. This illusion persists today. We forget that the human eye, aided by
hematoxylin and eosin, is not the oracle of truth but merely one opinionated witness.
Consider the hilarious but common scenario in pathology laboratories: two pathologists
stare at the same slide, one insists the lesion is “adenocarcinoma in situ,” while the other
swears it is “reactive atypia.” Each speaks with the conviction of a prophet, yet the

biopsy sits silently, amused by their disagreement. The lacuna here is epistemological—
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we confuse consensus with truth, we mistake reproducibility for accuracy, and we allow
the language of certainty to mask the reality of doubt [1].

Technology was supposed to save us from this comedy of errors. Immunohistochemistry
entered like a flamboyant guest at a dull dinner party, waving its antibodies as though
they were magic wands. For a time, everyone clapped. But soon we discovered the
antibodies themselves had personalities—some sticky, some moody, some promiscuous.
One antibody insists that everything is positive, another refuses to stain anything at all,
and a third stains so ambiguously that you wonder if it is simply tired of the drama.
Suddenly the magic wand became a temperamental violin, capable of producing
beautiful music but only if played by a virtuoso. And still the lacuna remained: was the
brown stain truly specific, or was it just background noise politely pretending to be
significant?

Molecular pathology seemed a sturdier ladder across the epistemic gap. Sequencing
promised clarity, as though the genome were a library where each disease was
catalogued neatly with ISBN numbers. Yet anyone who has actually dealt with
sequencing data knows it is less like a library and more like a messy used bookstore
where half the books are missing, several are misprinted, and some are in a language you
never studied. You can find treasures, yes, but only after stepping over piles of irrelevant
nonsense. One might recall the excitement of identifying a “pathogenic variant” in a
tumor sample, only to later learn that this very mutation is also found in the healthy
appendix of a cheerful patient who never smoked, drank, or misbehaved in any molecular
way. It is as if the genome enjoys practical jokes, leaving us to wonder whether we are
pathologists or detectives in a cosmic comedy of errors [2].

In the attempt to resolve these ambiguities, pathology has turned increasingly to
integration: histology with genomics, proteomics with transcriptomics, and, most
dramatically, spatial genomics with imaging. Integration sounds noble, but it often feels
like organizing a potluck dinner where each guest insists on bringing a wildly
inappropriate dish. One person brings raw fish, another brings a burnt casserole, and a
third arrives with only napkins. The result is not a banquet but chaos on porcelain plates.
Yet somehow, in this mess, one can still nourish oneself,provided one has patience and
a strong stomach. Likewise, the epistemology of pathology demands we recognize that
integration is never seamless but always full of collisions, contradictions, and comic
detours.

The lacunae are not only technological but human. Pathologists themselves are a peculiar
tribe, prone to caffeinated overinterpretation. One hears endless debates over whether a
nucleus is “irregularly irregular” or merely “mildly pleomorphic.” The entire discourse
might sound absurd to a layman, who wonders how such fine distinctions matter when
the patient outside the laboratory simply wants to know whether she has cancer. The
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epistemological gap here is between language and lived reality, between the academic
elegance of a description and the brutal simplicity of a diagnosis. In such moments, one
is reminded that pathology, despite its airs, is still a deeply human discipline where bias,
fatigue, and personal style intrude as much as technical skill.

But to treat these lacunae merely as weaknesses is to miss their hidden strength. Every
gap forces creativity. When a stain fails, one improvises another approach; when a gene
mutation seems ambiguous, one searches for functional correlates; when morphology
resists classification, one dares to coin new categories. The epistemology of pathology
is thus not about eliminating gaps but about learning to dance with them. One might
compare it to jazz music, where the silences are as important as the notes. Pathologists
improvise around absence, weaving narratives where certainty is impossible. The joke,
of course, is that clinicians rarely appreciate this jazz; they simply want a clear report,
preferably in one line, preferably yesterday.

Consider the case of cytology versus histology. It is one of the most comic battlegrounds
in pathology. Cytologists proudly proclaim malignancy on the basis of a handful of
suspicious cells floating in fluid, while histologists scoff, demanding architectural
confirmation. It is the academic equivalent of someone declaring a crime on the basis of
overhearing two suspicious whispers, while another insists on watching the entire
surveillance video. Sometimes cytology is gloriously right, catching early disease
invisible to biopsy. Sometimes it is embarrassingly wrong, like accusing a nun of bank
robbery because she coughed at the wrong moment. The lacuna between cytology and
histology is not just methodological but philosophical: one privileges the fragment, the
other the whole, and neither can claim exclusive ownership of truth [3].

Even digital pathology, the supposed savior of the future, cannot escape epistemic
pitfalls. Whole slide imaging is celebrated as if it were Google Maps for tissue. But one
quickly learns that zooming in too far reveals artifacts that resemble strange modern art
rather than biology. Artificial intelligence, trained on millions of slides, promises to
recognize patterns faster than any human. Yet it also confuses mucin with chewing gum,
collagen with spaghetti, and sometimes insists that a perfectly healthy sample contains
apocalyptic disease. The humor is unintentional but sharp: we train machines to think
like us, and they inherit our follies, magnified at silicon speed. The lacuna here is one of
misplaced faith—that scale and computation can substitute for judgment. They cannot;
they only accelerate both truth and error [4].

To imagine a new epistemology of pathology, one must therefore embrace humility.
Pathology is not a mirror of reality but a story told with slides, stains, and statistics. Each
method is a different dialect; each report is a provisional script subject to revision. If
epistemology is the philosophy of knowledge, then pathology must be the philosophy of
doubt, a science of approximations dressed in the costume of certainty. And yet therein
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lies its beauty: it is precisely because we can never know completely that we continue to
seek, to refine, to learn. The lacunae are not holes in the fabric but spaces where
imagination breathes.

Let us illustrate this with a deliberately funny but telling example. Imagine you are at a
large family wedding. Bulk sequencing is like listening to the collective noise—laughter,
gossip, music—without distinguishing individuals. Single cell sequencing is like
interviewing every guest to learn who is vegetarian, who prefers spicy food, and who is
secretly planning to elope. But spatial genomics is the true revelation: it shows you that
the grandmother who disapproves of everything is strategically seated between the two
cousins who hate each other, thereby preventing open warfare. This spatial arrangement
explains more about the harmony of the evening than any individual preference could.
Pathology is the same: the cells matter, but their placement matters more. Without
context, biology is noise; with it, it becomes narrative.

What, then, is the path forward? It is not to pretend that the gaps will close entirely. It is
to design systems that acknowledge gaps, annotate them, and integrate doubt into the
final product. Reports should perhaps come with honesty labels: “This diagnosis is 85
percent confident, 10 percent speculative, 5 percent inspired guesswork.” Patients may
laugh at such candor, but it would be closer to the truth than our current bureaucratic
prose that pretends to certainty. The epistemology of pathology must become a
philosophy of probabilities rather than absolutes. After all, life itself is probabilistic.

At the same time, education in pathology must evolve. Students are trained to recognize
patterns, but rarely taught to recognize uncertainty as legitimate. They memorize lists of
stains as if learning multiplication tables, yet they are not encouraged to ask how reliable
those stains really are, or what conceptual gaps they conceal. To cultivate a new
epistemology, we must teach the next generation to laugh at the follies of the past, to
distrust easy answers, and to remain skeptical even of their own brilliance. Humor is not
a distraction but a survival strategy. In laboratories full of ambiguity, one must either
laugh or despair, and laughter is far more productive.

The final reflection is therefore not about eliminating lacunae but about reframing them.
Pathology will always be a discipline of approximations, a negotiation between clarity
and confusion, certainty and speculation. Its epistemology is not linear but circular,
spiraling through cycles of observation, doubt, refinement, and reinterpretation. In this
spiral, laughter is both lubricant and compass. By allowing ourselves to see the absurdity
of our methods, we also glimpse their hidden wisdom. The cell may be silent, but the
story we tell about it is endlessly creative. To bridge the lacunae, we must not only build
better technologies but cultivate better philosophies—philosophies that admit gaps,
embrace uncertainty, and find in ambiguity not failure but possibility.
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Chapter 9: Digital Pathology and Ai: Between
Augmentation and Autonomy

One late evening, a weary pathologist sat hunched over a microscope, eyes straining as
the glass slides blurred into indistinguishable shades of pink and purple. He joked with
his colleague that the nuclei were playing hide and seek, and after decades of training
his eyes, they were winning. At that exact moment in a different part of the world, a
young researcher was training a neural network to recognize those very nuclei on
digitized slides. While the pathologist sipped his coffee and lamented the fading
sharpness of his vision, the algorithm on the researcher’s screen was rapidly learning to
see patterns that even the most experienced human eye could miss. The two worlds —
one rooted in the tactile rituals of histology, the other emerging from silicon and
mathematics, were on a slow but inevitable collision course. This is the story of digital
pathology and artificial intelligence, not as a sterile technological evolution, but as a
negotiation between human expertise and machine autonomy.

The transition from glass slide to digital image was not merely a matter of convenience
but a fundamental shift in epistemology. For over a century, the microscope had been
both the instrument and the metaphor of pathology: one peered through it to peer into
disease itself. Whole slide imaging (WSI), by contrast, transformed tissue into pixels,
converting a biological artifact into a computational object [1]. What at first seemed like
a trivial digitization — the way music was once transferred from vinyl to compact disc
— opened doors that were previously unimaginable. A glass slide can be seen only by
one person at a time, under one microscope, in one location. A digital slide, however,
can be duplicated infinitely, streamed across continents, annotated collaboratively, and
processed by algorithms without fatigue [2]. Suddenly, the bottleneck of human vision
became negotiable.

Artificial intelligence, particularly deep learning, entered pathology like an
overenthusiastic intern: occasionally clumsy, sometimes embarrassingly wrong, but
undeniably quick to learn. Convolutional neural networks (CNNs), inspired loosely by
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biological vision, demonstrated uncanny capacity to classify histological patterns [3].
Tasks that consume hours of pathologist labor, such as counting mitotic figures in breast
cancer or quantifying tumor-infiltrating lymphocytes, became matters of seconds for a
trained algorithm [4]. Skeptics pointed out that speed is not synonymous with accuracy,
and early systems occasionally mistook folds in tissue for malignant lesions. Yet even
these blunders forced a reconsideration of what accuracy means in pathology. Human
error is rarely catalogued systematically, but algorithmic error, being explicit, is
dissected ruthlessly [5]. Thus, digital pathology created not only new capacities but new
forms of accountability.

A useful analogy is that of self-driving cars. Nobody argues that algorithms never crash;
the argument is whether they crash less often than distracted humans. Similarly, Al in
pathology need not be flawless to be valuable; it only needs to reduce error rates,
accelerate throughput, and make expertise more accessible [6]. For instance, in regions
with dire shortages of pathologists, automated screening of cervical cytology or malaria
smears could provide a safety net where none previously existed [7]. Here, autonomy is
not a threat but a lifeline. At the same time, in high-resource environments, the tension
shifts toward augmentation: can Al relieve the monotony of routine tasks so that human
pathologists can focus on the nuanced interpretive work that machines struggle with?

[8].

Yet this simple dichotomy of augmentation versus autonomy masks the more intricate
epistemic consequences. Digital pathology is not merely about offloading drudgerys; it is
about changing the very grammar of diagnostic reasoning. A pathologist trained in
analog microscopy tends to think in terms of fields of view, architectural patterns, and
cytological features. An algorithm, however, constructs multidimensional embeddings
of pixel intensities across gigapixel images, seeing not only the obvious structures but
subtle correlations invisible to human cognition [9]. For example, recent studies showed
that Al could predict molecular alterations such as IDH mutation status in gliomas or
MSI status in colorectal cancer purely from histology images, without sequencing
[10,11]. This is the diagnostic equivalent of a magician pulling a rabbit from an empty
hat: the human eye swears nothing was there, yet the algorithm retrieves clinically
relevant information. Such feats are not mere curiosities; they suggest that morphology
harbors latent codes that humans have simply lacked the perceptual bandwidth to decode.

Of course, pathology is not a video game, and the tissue is not a set of pixels floating in
abstraction. Questions of trust, regulation, and responsibility arise at every corner. If an
algorithm suggests a lung biopsy is adenocarcinoma with 96 percent confidence, and the
pathologist disagrees, whose voice carries the final authority? [12]. If a misdiagnosis
occurs, is liability borne by the human who signed the report, the institution that
deployed the software, or the vendor that trained the algorithm? [13]. These are not
trivial dilemmas; they strike at the heart of professional identity. Pathology has always
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prided itself as the “doctor’s doctor,” an arbiter of truth in diagnosis. Yet when machines
become fellow arbiters, even if subordinate, the aura of epistemic sovereignty begins to
diffuse.

The story becomes funnier when one imagines the laboratory politics. Algorithms,
unlike human residents, do not complain about night shifts, do not spill coffee on the
slides, and do not ask for promotions. They can tirelessly count cells in endless colon
biopsies while their human supervisors dream of better weekends. Yet they also lack
gossip, intuition, or the ability to notice that the tissue on slide seven seems oddly
inconsistent with the clinical history. In one sense, they are like exceedingly bright but
socially inept trainees — brilliant with data, disastrous at cocktail parties. Pathologists
joke that machines may eventually surpass them at spotting mitoses, but will never
surpass them at spotting departmental politics. This humorous anthropomorphization
disguises a real epistemic boundary: machines excel at pattern recognition within
defined frames, but struggle with context that extends beyond the pixels [14].

At the same time, Al is not a monolith. Beyond CNNs, transformer-based models are
entering the field, promising better integration of spatial and contextual cues [15]. Multi-
modal models are beginning to link histology with genomics, radiology, and clinical
data, creating “digital twins” of patients that extend far beyond the slide [16]. This
integration hints at a future where pathology is not an isolated discipline but a node in a
network of computational diagnostics. In this vision, the slide becomes a starting point
rather than the final arbiter. One can imagine a system where a breast biopsy is instantly
analyzed not only for morphology but also cross-referenced with prior imaging, genetic
alterations, and even epidemiological patterns in the region. Such convergence has been
likened to a “Google Maps of disease” where each modality contributes a layer [17]. Yet
here too lies peril: the map is not the territory, and overreliance on computational layers
may induce blind faith in outputs whose inner workings are opaque even to their creators
[18].

The economic and infrastructural aspects cannot be ignored. Whole slide scanners
remain costly, image storage is prodigious, and data transfer requires robust digital
infrastructure [19]. For a hospital in rural India or sub-Saharan Africa, the promise of Al
is tantalizing, but the barrier is not expertise, it is bandwidth. Uploading a single
gigapixel slide over a shaky internet connection is like trying to stream an entire Netflix
season on a dial-up modem [20]. Without equitable distribution of infrastructure, digital
pathology risks becoming another technology that deepens the global divide rather than
bridging it. This is particularly ironic given that Al often touts democratization of
expertise as its core virtue.

Another layer of complexity emerges in education. How should the next generation of
pathologists be trained? Should they spend thousands of hours at a microscope if their
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professional lives will mostly involve screen-based annotation and algorithmic
oversight? [21]. Or should curricula be redesigned to emphasize computational literacy
alongside morphological mastery? Some propose that pathology residents should learn
Python and statistics as fluently as they learn hematoxylin and eosin staining [22]. Others
worry this dilutes the core identity of the specialty. The debate resembles that of aviation:
should pilots still master manual flying when autopilot handles most of the workload?
The answer is likely yes, because when automation fails, human fallback is critical. But
the balance is delicate, and educational reform must tread carefully.

Ethical concerns loom as well. Al systems are only as unbiased as the data they are
trained on, and pathology datasets often reflect skewed demographics [23]. If an
algorithm trained predominantly on FEuropean cohorts is deployed in African
populations, subtle biases may propagate into clinical misjudgments [24]. Humorously,
one might say that algorithms, like humans, develop parochial habits: train them on a
diet of croissants, and they will struggle with samosas. Yet beneath the humor lies a
pressing demand for diverse, representative datasets and transparent validation.
Otherwise, the autonomy of Al will not be liberation but entrenchment of existing
inequities.

Still, the human-machine partnership holds profound promise. Imagine a future tumor
board where the pathologist presents not only morphology but algorithmically extracted
features correlated with patient outcomes across thousands of prior cases. The
oncologist, radiologist, and surgeon nod as the system highlights predictive markers that
no individual expert could have extracted alone [25]. In such scenarios, augmentation
and autonomy are not antagonists but collaborators. The pathologist remains the
storyteller, but the machine provides richer vocabularies for the narrative.

What is striking is how much of this journey is cultural as much as technical. Pathologists
who once resisted digital slides now find themselves reluctant to return to microscopes
after tasting the ease of remote access. Algorithms once treated as curiosities are
increasingly integrated into regulatory pathways, with the FDA already approving Al
tools for specific diagnostic tasks [26]. Yet the discourse still oscillates between utopia
and dystopia: either machines will liberate humans from drudgery, or they will render
them obsolete. The truth, as often, lies somewhere in between. Al is neither angel nor
demon; it is a mirror reflecting both the strengths and weaknesses of the systems into
which it is deployed [27].

The humor in this transition should not be underestimated. There is something inherently
comic about highly trained professionals spending years mastering arcane histological
subtleties, only for a machine to learn them in weeks and then outperform them in speed.
But the joke cuts both ways: the machine, despite its brilliance, cannot appreciate the
irony of a pathologist comparing a mitotic count to counting sheep at bedtime. Humor
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therefore becomes a way for humans to domesticate the strangeness of this partnership.
As one pathologist quipped, Al may be better at detecting metastases, but it still cannot
tell a good pathology joke. Perhaps that, too, is a marker of autonomy: the ability not
only to analyze but to laugh.

Ultimately, the journey of digital pathology and Al is not about replacement but about
reframing. Augmentation and autonomy are not endpoints but polarities along which
practice will oscillate. In some contexts, such as routine screening, autonomy may
dominate; in others, such as rare tumor diagnosis, augmentation will remain central. The
discipline of pathology itself may undergo metamorphosis, from a field defined by
solitary experts behind microscopes to a distributed collaboration between humans and
algorithms across networks. The epistemic authority of the pathologist will not vanish
but will be renegotiated, shifting from sole interpreter to curator, adjudicator, and
integrator of computational insights. In this sense, the weary pathologist and the
enthusiastic researcher are not opposites but partners in a shared narrative. Between the
fatigue of the human eye and the tirelessness of the algorithm lies the possibility of a
new diagnostic epistemology, one in which truth is co-authored by glass, pixel, and code.
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Chapter 10: From Pixels to Prognosis: The Semiotics of
Diagnostic Machines

The clinic today is no longer the exclusive arena of human perception. Pathology,
radiology, and molecular sciences converge in a theatre of translation where pixels
replace the scalpel’s first incision, and algorithms whisper judgments once reserved for
human intuition. The semiotics of diagnostic machines concerns not only the
representation of data but the very act of meaning-making in contemporary medicine. It
is about how raw pixels coalesce into prognostic oracles, how signs acquire authority,
and how physicians navigate the liminal zone between machine prediction and embodied
clinical wisdom [1,2]. The transition from simple observation to machine-mediated
semiology reveals not just an evolution in technology but a reconfiguration of
epistemology itself.

In pathology, the glass slide once embodied final truth. The thin slice of tissue stained
with hematoxylin and eosin was the ultimate repository of meaning. But the glass slide
has been replaced by digital scans, generating millions of pixels whose arrangement
encodes the morphology of disease [3]. Each nucleus, each cytoplasmic border, each
subtle architectural disarray becomes a sign within a greater grammar. Yet, unlike the
analog microscope, the digital slide is infinitely reproducible, transmissible, and
analyzable by machines. Its semiotics is not purely visual but computational, its
interpretation dependent on the logics of convolutional neural networks and statistical
learning [4]. This transformation is not trivial, for in the hands of a machine, morphology
is no longer merely seen, it is parsed, indexed, and probabilistically forecast.

The semiotic load of pixels lies not only in their immediate visuality but in their potential
to signal beyond the present into prognosis. A mitotic figure once merely recorded
proliferative activity; in digital pathology it becomes a feature vector feeding predictive
models for survival, relapse, or therapeutic responsiveness [5]. Prognosis is transfigured
from human inference to algorithmic forecast. Yet, as semioticians remind us, the
meaning of a sign depends on its context. A pixel cluster interpreted as necrosis may
forecast poor survival in one cancer but may merely represent treatment effect in another.
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The machine, unless trained on vast contextualized corpora, risks mistaking one sign for
another [6,7]. Thus, pixels in pathology are unstable signs, their prognosis contingent
upon the epistemic frames encoded in training datasets.

Radiology offers parallel transformations. A CT scan once relied on the trained eye
discerning densities and shadows. Today radiomic signatures transform those shadows
into feature spaces that correlate with mutational status, immune infiltration, or survival
probabilities [8,9]. The semiotics of a ground-glass opacity is no longer restricted to its
density or margin but becomes a statistical constellation linked to molecular pathways.
Prognosis emerges not from gross appearance but from quantitative correlates hidden in
pixel matrices. The radiologist becomes less a viewer and more a curator of machine-
generated meanings, a mediator between opaque algorithmic forecasts and the patient’s
lived reality [10].

Consider the story of a young woman, thirty-two years of age, who presented with an
inoperable glioblastoma. Her digital pathology slides were uploaded into a machine
learning model trained on thousands of cases. The model predicted a median survival of
nine months with ninety-two percent confidence. Her oncologist, balancing between
candor and compassion, conveyed the forecast as gently as possible. Yet for the woman,
the prognosis was not merely a number but a sentence. She scrolled through her digital
pathology images at home, each pixel a mirror of her fate. In her diary she wrote: “These
colored fragments of my brain now live inside a machine that tells me I will not see
another spring.” The prediction was accurate; she died eight months later.

This story illustrates the semiotic violence that diagnostic machines can perform.
Prognosis here is not a clinical judgment tempered by empathy and the recognition of
uncertainty but a numerical decree delivered with mathematical precision. The certainty
of numbers robs space for ambiguity, for the rare exceptions, for the human hope that
sometimes defies statistics [11,12]. Prognostic machines, in their relentless accuracy,
may inadvertently foreclose the human need for open futures. Thus, pixels in this case
were not only biological signs but existential pronouncements, reshaping her final
months.

To accept prognostic outputs, clinicians and patients must assign them semiotic
authority. This authority is constructed through narratives of accuracy, validation, and
regulatory approval [13]. Yet the opacity of algorithms raises questions. A convolutional
neural network might identify prognostic signatures in histology that even expert
pathologists cannot describe. The signifier here is a pixel constellation invisible to
human eyes, its signified is survival probability, and the interpretant is the algorithm
itself [14,15]. This triad fractures traditional semiotic models, where human observers
mediated meaning. Now machines generate signs for other machines, with humans
consigned to secondary interpretation.
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The trust placed in machine prognostics thus resembles a leap of faith in a foreign
semiotic order. Physicians become translators of machinic auguries, much like priests
interpreting omens. Patients, in turn, negotiate between the machine’s cold certainty and
their own lived narratives. This dialectic is unstable. When prognostic outputs align with
outcomes, trust is reinforced. When predictions fail, the entire semiotic edifice risks
collapse [16].

In contemporary biomedicine, prognostic models are not only epistemic tools but
economic commodities. Companies market Al-powered digital pathology platforms that
promise prognostic insights superior to human experts [17,18]. The semiotics of
prognosis becomes entangled with market logics, where accuracy metrics double as
selling points. Hospitals adopt these systems not only for clinical care but for prestige
and revenue generation. Prognostic authority is thus co-opted into circuits of capital, its
semiotic weight expanded beyond the clinic into the marketplace [19].

The commodification also reshapes research. Datasets become assets, with each pixel
annotated and sold as training material. Prognosis here is less about the patient’s future
and more about intellectual property and competitive advantage [20]. Semiotics, once
grounded in signs pointing toward clinical realities, now points toward venture capital
valuations. This displacement challenges the ethical grounding of prognostic
technologies, for when prognosis is commodified, patient meaning risks subordination
to corporate meaning.

Despite machinic advances, the human dimension of prognosis remains irreducible. The
semiotics of a physician’s gaze, tone, and gesture during disclosure cannot be replaced
by pixel-level predictions. Patients rarely recall the statistical percentages given to them,
but they remember the way prognostic information was framed, the pauses, the silences,
the recognition of their humanity [21]. Machines may predict time, but they cannot
embody meaning. The interpretive act that transforms prognosis from data into a livable
future requires empathy, narrative, and acknowledgment of uncertainty.

Thus, the future of diagnostic machines lies not in replacing human semiotics but in
augmenting them. Prognostic authority must be balanced, with machines providing
probabilistic clarity while humans provide existential interpretation. Prognosis should
not be a decree but a dialogue, where pixels serve as signs within a broader semiotic
field enriched by empathy and humility [22,23].

A true semiotics of prognostic machines requires interdisciplinary engagement.
Semiologists, philosophers of science, clinicians, and computer scientists must
collaborate to articulate frameworks that account for both technical accuracy and
existential impact. This entails recognizing that pixels are not self-evident signs but
constructed ones, their meanings contingent upon datasets, algorithms, and interpretive
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communities [24,25]. It entails acknowledging that prognosis is not simply a prediction
but a performative speech act: when uttered, it reshapes patient futures [26].

The diagnostic machine is not a neutral observer but an active participant in semiotic
production. Its outputs are not mere reflections of biological reality but interventions that
reconfigure meaning. Recognizing this allows us to approach machine prognosis not as
infallible decree but as one voice among many in the polyphony of clinical meaning-
making [27,28].

The journey from pixels to prognosis reveals a profound semiotic shift in medicine.
Diagnostic machines transform morphology into computation, pixels into probabilities,
and signs into forecasts. Their authority rests on accuracy, but their impact extends into
the existential and ethical domains of patient life. Prognosis becomes both more precise
and more perilous, carrying the risk of foreclosure as well as the promise of clarity.

The task before us is not to resist prognostic machines but to embed them within a
humanist semiotics that preserves ambiguity, dialogue, and empathy. Only then can we
ensure that pixels, in their inexhaustible multiplicity, remain signs not of foreclosed
futures but of open possibilities.

REFERENCES

1. Baudrillard J. Simulacra and Simulation. University of Michigan Press; 1994.
Eco U. A Theory of Semiotics. Indiana University Press; 1976.

3. Pantanowitz L, Sharma A, Carter AB, Kurc T, Sussman A, Saltz J. Twenty years of digital
pathology: An overview of the road travelled, what is on the horizon, and the emergence of
vendor-neutral archives. J Pathol Inform. 2018;9:40.

4. Campanella G, Hanna MG, Geneslaw L, Miraflor A, Silva VW, Busam KJ, et al. Clinical-
grade computational pathology using weakly supervised deep learning on whole slide
images. Nat Med. 2019;25(8):1301-9.

5. Lu MY, Williamson DF, Chen TY, Chen RJ, Barbieri M, Mahmood F. Data-efficient and
weakly supervised computational pathology on whole-slide images. Nat Biomed Eng.
2021;5(6):555-70.

6. Niazi MKK, Parwani AV, Gurcan MN. Digital pathology and artificial intelligence. Lancet
Oncol. 2019;20(5):e253-e261.

7.  Dolezal J, Zeman M, Hanzelka M. Artificial intelligence in histopathology: Current trends
and future perspectives. APMIS. 2021;129(5):259-71.

8.  Gillies RJ, Kinahan PE, Hricak H. Radiomics: Images are more than pictures, they are data.
Radiology. 2016;278(2):563-77.

9. Lambin P, Rios-Velazquez E, Leijenaar R, Carvalho S, van Stiphout RG, Granton P, et al.
Radiomics: Extracting more information from medical images using advanced feature
analysis. Eur J Cancer. 2012;48(4):441-6.

51



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Erickson BJ, Korfiatis P, Akkus Z, Kline TL. Machine learning for medical imaging.
Radiographics. 2017;37(2):505-15.

Moghimi-Dehkordi B, Safaee A. Prognostic factors in survival of colorectal cancer patients:
A review. Gastroenterol Hepatol Bed Bench. 2012;5(3):113-25.

Clarke AE, Shim JK, Mamo L, Fosket JR, Fishman JR. Biomedicalization: Technoscience,
health, and illness in the U.S. Duke University Press; 2010.

Topol EJ. Deep Medicine: How Artificial Intelligence Can Make Healthcare Human Again.
Basic Books; 2019.

Holzinger A, Langs G, Denk H, Zatloukal K, Miiller H. Causability and explainability of
artificial intelligence in medicine. Wiley Interdiscip Rev Data Min Knowl Discov.
2019;9(4):e1312.

Lipton ZC. The mythos of model interpretability. Commun ACM. 2018;61(10):36-43.
Ribeiro MT, Singh S, Guestrin C. “Why should I trust you?” Explaining the predictions of
any classifier. Proc 22nd ACM SIGKDD. 2016:1135-44.

Kelly CJ, Karthikesalingam A, Suleyman M, Corrado G, King D. Key challenges for
delivering clinical impact with artificial intelligence. BMC Med. 2019;17(1):195.
Shortliffe EH, Sepulveda MJ. Clinical decision support in the era of artificial intelligence.
JAMA. 2018;320(21):2199-200.

Obermeyer Z, Emanuel EJ. Predicting the future—Big data, machine learning, and clinical
medicine. N Engl J Med. 2016;375(13):1216-9.

Rajkomar A, Dean J, Kohane I. Machine learning in medicine. N Engl J Med.
2019;380(14):1347-58.

DelVecchio Good MJ, Munakata T, Kobayashi Y, Mattingly C. Oncology and narrative
time. Soc Sci Med. 1994;38(6):855-62.

Charon R. Narrative Medicine: Honoring the Stories of Illness. Oxford University Press;
2006.

Hunter KM. Doctors’ Stories: The Narrative Structure of Medical Knowledge. Princeton
University Press; 1991.

Latour B, Woolgar S. Laboratory Life: The Construction of Scientific Facts. Princeton
University Press; 1986.

Hacking I. Representing and Intervening. Cambridge University Press; 1983.

Austin JL. How to Do Things with Words. Harvard University Press; 1962.

Haraway D. Situated Knowledges: The science question in feminism and the privilege of
partial perspective. Feminist Studies. 1988;14(3):575-99.

Greenhalgh T, Wherton J, Papoutsi C, Lynch J, Hughes G, A’Court C, et al. Beyond
adoption: A new framework for theorizing and evaluating nonadoption, abandonment,
scale-up, spread, and sustainability of health and care technologies. J] Med Internet Res.
2017;19(11):e367.

52



	Chapter 1: The Fragile Architecture of Certainty: The Philosophy of Diagnosis in Pathology
	1 Introduction

	Chapter 2: Morphological Pitfalls: When Slides Betray the Eye
	References

	Chapter 3: Cytology Vs Histology, A Dialogue of Discord
	References

	Chapter 4: Immunohistochemistry and Its Disguises
	Chapter 5: Molecular Mirage: The Promises and Perils of Ngs
	References

	Chapter 6: Spatial Genomics: Mapping the Invisible Territories
	Why Spatial Genomics Matter?
	References

	Chapter 7: Whispers Of the Dead: Autopsy in the Era of Molecular Resurrection
	References

	Chapter 8: Bridging The Lacunae: Towards A New Epistemology of Pathology1 Introduction
	REFERENCES

	Chapter 9: Digital Pathology and Ai: Between Augmentation and Autonomy
	References

	Chapter 10: From Pixels to Prognosis: The Semiotics of Diagnostic Machines
	REFERENCES


