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Preface

This book is a compilation of high-yield molecular pathology 
topics relevant to the field of cytopathology in a user-friendly 
format that can be used as a reference handbook by training 
and practicing pathologists and laboratory personnel dealing 
with, and interested in, this evolving field.

Molecular diagnostics are increasingly used to help guide 
targeted therapy in solid organ tumors and hematologic 
malignancies. A large proportion of molecular testing is per-
formed on limited-volume samples obtained via minimally 
invasive techniques, such as fine needle aspiration. 
Increasingly, cytopathologists play an essential role in this 
process, both in the triage of specimens during rapid on-site 
evaluation and in the evaluation of archival samples to deter-
mine suitability for ancillary testing. Therefore, it is impera-
tive that practicing cytopathologists stay abreast of up-to-date 
diagnostic, prognostic, and predictive ancillary tests that can 
be used on limited cytologic material. This is a challenge since 
the landscape of known genomic alterations is constantly 
evolving and the subsequent set of testing options is ever 
expanding. In addition, many practicing cytopathologists 
have not had substantial molecular pathology training during 
residency or fellowship; therefore, the basic core principles of 
molecular testing may remain elusive.

The main focus of this book is to provide an overview of 
the principles of molecular diagnostics in context of cytopa-
thology specimens together with a basic understanding and 
working knowledge of the available technology, platforms, 
and clinical applications. The initial sections of the book sum-
marize the pre-analytic aspects of molecular testing,  including 



vi

cytology specimen preparation and handling, specimen selec-
tion and evaluation, and workflow algorithms as well as the 
analytic considerations for a variety of nucleic acid and pro-
tein-based testing. The remaining section focuses on disease- 
specific molecular testing for various organ-based 
applications.

Molecular cytopathology is an expanding and evolving 
field. With the increasing demand for molecular testing on 
small specimens, cytopathologists need to understand how to 
efficiently select and triage the best tissue for testing as well 
as interpret the molecular test results in context of the mor-
phology to cement the role of cytopathology as an indepen-
dent and essential component of diagnostic and precision 
medicine.

We hope this book will serve as a practical handbook of 
clinical molecular diagnostics in context of the cytopathology 
specimen.

Houston, TX, USA Sinchita Roy-Chowdhuri
Boston, MA, USA Paul A. VanderLaan
Houston, TX, USA John M. Stewart
Toronto, ON, Canada Gilda da Cunha Santos
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Abbreviations

ALK Anaplastic lymphoma kinase or ALK receptor 
tyrosine kinase

BRAF v-raf murine sarcoma viral oncogene homolog B
CEP Centromeric probe
DDIT3 DNA damage-inducible transcript 3
EGFR Epidermal growth factor receptor
EWSR1 Ewing sarcoma breakpoint region 1
FISH Fluorescence in situ hybridization
FNA Fine-needle aspiration
FOXO1 Forkhead box O1
FUS Fused in sarcoma

Chapter 1
Introduction: Overview 
of Current Molecular 
Diagnostic Testing on 
Cytology Samples
Michael H. Roh and Rashmi Kanagal-Shamanna
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GNA11 Guanine nucleotide-binding protein subunit 
alpha-11

GNAQ Guanine nucleotide-binding protein G(q) sub-
unit alpha

HER2 Human epidermal growth factor receptor 2 
(ERBB2)

HPV Human papillomavirus
KIT KIT proto-oncogene receptor tyrosine kinase
KRAS Kirsten rat sarcoma viral oncogene homolog
MDM2 Mouse double minute 2 homolog or E3 ubiquitin 

protein ligase homolog (mouse)
MEK1 Mitogen-activated protein kinase kinase 1
MYCN v-myc myelocytomatosis viral oncogene 

homolog, neuroblastoma derived
NRAS Neuroblastoma RAS viral oncogene
PDGFB Platelet-derived growth factor β
PDGFRA Platelet-derived growth factor receptor A
Pter Terminal of chromosome short arm
Qter Terminal of chromosome long arm
RNA Ribonucleic acid
ROS1 ROS proto-oncogene 1, receptor tyrosine kinase
SS18 Synovial sarcoma translocation chromosome 18
TFE3 Transcription factor binding to immunoglobulin 

heavy constant

Key Points

• Molecular testing plays a critical role in the work-up 
of both solid tumors and hematological malignancies 
for the purposes of diagnosis and biomarker identifi-
cation for assessment of prognosis and therapeutic 
targets

• Pathologists have a central role in integrating appro-
priate molecular ancillary testing into routine cytopa-
thology workflow to enable personalized medicine

M. H. Roh and R. Kanagal-Shamanna
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During this continuously evolving era of precision medicine, 
there have been tremendous advances in our understanding 
of the molecular genetic aberrations (e.g., mutations, gene 
amplifications, and gene rearrangements) that underlie and 
drive the growth and spread of various cancers. This has been 
complemented by advances in molecular diagnostic technol-
ogies available to pathologists and laboratory personnel to 
interrogate and detect these genetic abnormalities. Concurrent 
advances in minimally invasive interventional procedures 
have resulted in an increasing reliance on small biopsies 
along with exfoliative and fine-needle aspiration (FNA) 
cytology specimens not only for diagnostic purposes but also 
for ancillary molecular testing to guide the increasingly “per-
sonalized” management of patients with cancer [1–4]. In 
addition, the rapid development of new high-throughput and 
multiplex molecular testing modalities holds the promise to 
address the issue of simultaneously testing for a multitude of 
different genomic abnormalities utilizing cytology samples 
and small biopsies [5–8]. Furthermore, the recognition of 
tumor heterogeneity at the molecular level places an increas-
ing demand for these procedures, as will the need to analyze 
multiple samples from the same patient over time in order to 
monitor the pattern of evolution of molecular abnormalities 
[9]. This would serve to reevaluate patients with cancers 
which have stopped responding to targeted therapy in order 
to identify new alterations which may be amenable to a 
switch in a targeted therapeutic regimen. Consequently, the 
importance of effectively integrating molecular ancillary test-
ing with anatomic pathology workflow, particularly with 
regard to cytologic and small biopsy specimens, has never 
been greater.

Section II of this book will broadly address the practical 
considerations of cytology specimen processing in the 
 molecular laboratory. Namely, chapters will be dedicated to 
the types of preparatory protocols and platforms utilized for 
molecular ancillary testing (Chap. 2), sample acquisition and 
test requisition (Chap. 3), specimen assessment/selection 

Chapter 1. Introduction
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along with triaging workflows for this purpose (Chap. 4), tech-
nical aspects of the various molecular diagnostic techniques 
and the practical implications for each (Chaps. 5, 6, and 7), and 
the interpretation of molecular diagnostic results along with 
how they correlate with cytopathologic diagnoses (Chap. 8).

Section III of this book will discuss the clinical settings in 
which molecular testing dovetails with the evaluation of 
cytology and small biopsy specimens, with respect to specific 
organ systems. In one aspect, molecular ancillary tests can be 
seen as adjuncts to aid in the diagnosis of small biopsies and 
cytology specimens [10–19]. Some key examples, not intended 
to be exhaustive, are listed in Table 1.1. The classic example is 
human papillomavirus (HPV) testing applied to gynecologic 
cytology specimens, which can be particularly useful to help 
guide the management of patients with indeterminate Pap 
test results [20]. HPV testing is also being increasingly 
applied in the diagnostic work-up of head and neck squa-
mous cell carcinomas [21–24]. Detailed discussion of these 
applications will be addressed in Chaps. 9 and 10. Next, a 
variety of molecular diagnostic approaches have emerged to 
aid in the diagnosis of indeterminate thyroid FNAs [10, 15–17, 
25–29]. These include high-throughput analysis of gene muta-
tions and gene rearrangements, gene expression classifier 
analysis, and microRNA expression profiling (Chap. 12). 
Fluorescence in situ hybridization (FISH) analysis has also 
emerged as a useful diagnostic adjunct in the evaluation of 
pancreatobiliary brushings (Chap. 15) and urinary tract cytol-
ogy specimens (Chap. 16) [11, 12, 18]. FISH testing also serves 
an instrumental role in the diagnosis and subclassification of 
salivary gland neoplasms (Chap. 14) and sarcomas (Chap. 18) 
in FNA and small biopsy samples [14, 30, 31].

Alternatively, molecular diagnostic adjuncts can be uti-
lized to interrogate biomarkers that provide information 
pertinent to prognosis and/or targeted therapeutic strategies 
[1, 32–43]. Salient examples are listed in Table 1.2 and include 
molecular testing of non-small cell lung carcinomas for 
EGFR and BRAF gene mutations along with ALK and 
ROS1 gene rearrangements (Chap. 11); testing of metastatic 

M. H. Roh and R. Kanagal-Shamanna
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Table 1.1 Examples of molecular testing as diagnostic adjuncts 
applied to cytology and small biopsy specimens
Context Molecular diagnostic adjuncts
Liquid-based cervical 
cytology

HPV testing

Head and neck squamous 
cell carcinoma

HPV testing

Thyroid FNA cytology Gene mutation and rearrangement 
analysis
Gene expression classifier testing
microRNA analysis

Urine cytology FISH probe set (CEP3, CEP7, 
CEP17, 9q21)

Pancreatobiliary brushing 
cytology

FISH probe set (CEP3, CEP7, 
CEP17, 9q21)
FISH probe set (1q21, 7p12, 8q24, 
9p21)

Renal cell carcinoma 
(examples below)

FISH probes

 •  Clear cell renal cell 
carcinoma

  3pter/3qter

 •  Papillary renal cell 
carcinoma

  CEP1, CEP7, CEP17

 •  Chromophobe renal cell 
carcinoma

  CEP1, CEP7, CEP17

 •  Translocation-associated 
renal cell carcinoma

  TFE3

Soft tissue tumors 
(examples below)

FISH probes and RT-PCR assays

 •  Alveolar 
rhabdomyosarcoma

  FOXO1

 •  Alveolar soft part 
sarcoma

  TFE3

(continued)

Chapter 1. Introduction
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Table 1.1 (continued)
Context Molecular diagnostic adjuncts

 •  Clear cell sarcoma   EWSR1

 •  Dermatofibrosarcoma 
protuberans

  PDGFB

 •  Desmoplastic small 
round cell tumor

  EWSR1

 •  Ewing sarcoma   EWSR1

 •  Myxoid/round cell 
liposarcoma

  DDIT3/FUS, DDIT3/EWSR1

 •  Synovial sarcoma   SS18

 •  Well-differentiated 
liposarcoma

  MDM2

Small B-cell lymphomas

 •  Lymphoplasmacytic 
lymphoma

MYD88, CXCR4 mutation analysis

 •  Follicular lymphoma t(14;18)(q32;q21) IGH/BCL2

 •  Mantle cell lymphoma t(11;14)(q13;q32) CCND1/IGH

 •  Hairy cell leukemia BRAF mutation analysis

 •  Extranodal marginal 
zone lymphoma

t(11;18)(q21;q21) BIRC3/MALT1; 
t(14;18)(q32;q21) IGH/MALT1; 
t(3;14)(p14.1;q32) FOXP1/IGH; 
t(1;14)(p22;q32) BCL10/IGH

Burkitt lymphoma t(8;14)(q24;q32) MYC/IGH

Extranodal NK/T-cell 
lymphoma, nasal type

EBV testing

ALK-positive T-cell 
lymphoma

ALK rearrangement

M. H. Roh and R. Kanagal-Shamanna
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Table 1.2 Examples of molecular testing as prognostic/theranostic 
adjuncts applied to cytology and small biopsy specimens
Context Molecular diagnostic adjuncts
Non-small cell lung 
carcinoma

EGFR and BRAF mutation testing
ALK and ROS1 rearrangement 
testing
PD-L1 testing

Melanoma BRAF, KIT, GNAQ, GNA11, NRAS, 
MEK1 mutation testing

Colon adenocarcinoma KRAS, BRAF mutation testing

Breast carcinoma ERBB2 amplification

Gastroesophageal 
adenocarcinoma

ERBB2 amplification

Gastrointestinal stromal 
tumor

KIT and PDGFRA mutation testing

Neuroblastoma MYCN amplification

Inflammatory 
myofibroblastic tumor

ALK rearrangement

Papillary thyroid 
carcinoma

BRAF mutation testing

Lymphoplasmacytic 
lymphoma

MYD88, CXCR4 mutation testing

Diffuse large B-cell 
lymphoma

MYC rearrangement FISH testing
Gene expression classifier testing
Gene mutation analysis for CARD11, 
CD79A, CD79B, EZH2, MYC, 
MYD88, TP53, etc.

High-grade B-cell 
lymphoma

MYC, BCL2, BCL6 rearrangement

(continued)

Chapter 1. Introduction
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melanomas for various mutations including BRAF, NRAS, 
and KIT gene mutations; ERBB2 gene amplification testing 
for breast (Chap. 13) and gastroesophageal carcinomas; and a 
multitude of molecular testing for pediatric tumors (Chap. 
19) for which MYCN gene amplification testing in neuroblas-
tomas represents a classic example.

Similar to solid tumors, molecular testing is a critical 
adjunct for diagnosis and personalized therapy in hemato-
logical malignancies [44]. This is reflected in the recently 
revised 2017 WHO classification system for lymphoid and 
myeloid disorders where genetic results form a basis for diag-
nosis and classification in multiple disease groups [45, 46]. 
Cytology FNA is routinely used for work-up of tissue-based 
hematological malignancies including lymphomas and leuke-
mias and provides ample opportunity for molecular testing 
[5, 47]. Typical scenarios are summarized below, while Chap. 
17 will address these in greater detail.

Differentiation of low-grade lymphomas and reactive 
lymphoid proliferations is, by far, the most challenging task 
for pathologists. Molecular tools can be extremely helpful to 
identify clonal markers that can facilitate this distinction. 
These include detection of monoclonal VDJ rearrangements 
in immunoglobulin heavy chain (IgH), T-cell receptor (TCR) 

Table 1.2 (continued)
Context Molecular diagnostic adjuncts

Chronic lymphocytic 
leukemia/small 
lymphocytic lymphoma

Deletions of ATM, D13S319, and 
TP53; trisomy 12
Gene mutation analysis for ATM, 
BIRC3, TP53, NOTCH1, SF3B1, etc.
Drug resistance mutation testing for 
BTK, PLCG2 genes

Myeloid sarcomas FISH testing for multiple 
rearrangements
Gene mutation analysis including 
ASXL1, CALR, DNMT3A, FLT3, 
IDH1/2, JAK2, KIT, MPL, NPM1, 
RUNX1, SF3B1, SRSF2, TET2, TP53, 
etc.

M. H. Roh and R. Kanagal-Shamanna
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beta or gamma receptor genes, as well as specific gene rear-
rangements and gene mutations in B-cell and T-cell lympho-
mas [47–56]. In the right clinical and morphologic context, 
FISH or PCR studies for characteristic gene rearrangements 
are helpful in sub-typing of small B-cell lymphomas [such as 
t(11;14)(q13;q32) IGH/CCND1 in mantle cell lymphoma, 
t(14;18)(q32;q21) IGH@-BCL2 in follicular lymphoma, etc.], 
certain large B-cell lymphomas such as Burkitt lymphoma 
[t(8;14)(q24;q32) MYC-IGH@], and ALK-positive T-cell 
lymphomas [t(2;5)(p23;q35)] [47, 51, 57, 58]. Assessment of 
translocations by PCR enables evaluation of measurable 
(minimal) residual disease [59]. Molecular testing is essential 
to identify biomarkers to assess prognosis and determine the 
choice of therapy. Some examples, which are in no way com-
prehensive, include molecular testing of lymphoplasmacytic 
lymphoma for mutations in MYD88 and CXCR4 [60]; testing 
of large B-cell lymphomas for MYC gene rearrangement as 
well as gene expression profile for distinguishing between 
germinal center and activated B-cell phenotype [61, 62]; test-
ing of high-grade B-cell lymphomas for rearrangements and 
copy number changes in MYC, BCL2, and BCL6 genes [63, 
64]; testing of T-cell lymphomas for ALK gene rearrange-
ment (58); and testing of myeloid sarcomas for recurrent 
genetic translocations such as t(15;17) and t(9;22) BCR/ABL 
and various gene mutations such as FLT3 and IDH1/2 [46, 
65, 66]. Further, in the context of newly developed targeted 
therapies, testing for gene mutations that confer resistance to 
drugs such as BTK mutations in chronic lymphocytic leuke-
mia/small lymphocytic lymphomas is emerging as a standard 
modality [67]. In most cases, mutation testing for multiple 
genes is best done using a multi-gene sequencing assay such 
as next-generation sequencing. Molecular testing for malig-
nancy associated viruses, specifically Epstein-Barr virus, 
plays an important role in diagnosis and monitoring of a 
variety of hematological conditions including Hodgkin and 
 non- Hodgkin lymphoma, immunodeficiency-associated lym-
phoproliferative disorders including post-stem cell trans-
plant [68, 69]. These applications will be further elaborated 
in Chap. 17.

Chapter 1. Introduction
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Although some molecular tests serve more as diagnostic 
aids (Table 1.1) and others serve more to provide prognostic/
theranostic information (Table  1.2), as mentioned above, 
these two roles of molecular diagnostic tests applied to cytol-
ogy specimens and small biopsies should not be seen as nec-
essarily mutually exclusive. As the repertoire of targeted 
therapeutic regimens expands, based on our evolving scien-
tific knowledge surrounding molecular biomarkers and tar-
gets, these two roles will become increasingly intertwined.

The objective of this book is several-fold. First, the 
advantages and limitations of cytology specimens will be 
discussed to assist in the understanding, on the part of 
pathologists and laboratory personnel, of how best to lever-
age these patient samples for diagnosis and molecular 
testing. Second, practical knowledge surrounding the 
acquisition and laboratory processing of these specimens, 
along with triage and workflow algorithms, will be shared. 
This information will be cemented by providing details sur-
rounding the actual testing methodologies utilized for 
molecular diagnostic evaluation of these samples (Section 
II). Finally, clinically relevant contexts in which molecular 
diagnostics and cytopathology are becoming increasingly 
intertwined will be discussed (Section III).

It is the hope of the editors of this book and the individual 
chapter authors that the reader can utilize this book as a 
practical guide to develop best practice algorithms by which 
molecular testing is applied to the diagnosis and work-up of 
cytology and small biopsy specimens. Understanding the 
 pre- analytic and analytic aspects of molecular testing for 
cytology samples will enable pathologists and laboratory per-
sonnel to best determine how samples are managed and tri-
aged to successfully obtain the optimum amount of diagnostic, 
prognostic, and theranostic information for each patient 
sample.
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NGS Next-generation sequencing
ROSE Rapid on-site evaluation
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Key Terminology

Biomarker According to the NIH bio-
marker definition working 
group, a biomarker is any objec-
tively measurable characteristic 
that can be used as an indicator 
of normal biological processes, 
pathogenic processes, or a phar-
macological response to a ther-
apeutic intervention

Cell block A cytologic preparation obtained 
by concentrating and fixing 
(most commonly in formalin) 
cytology specimens followed by 
paraffin embedding, thereby 
mimicking a histologic tissue 
block

Core-needle biopsy A biopsy obtained by the use of 
a needle usually with caliber 
larger than 18 gauge

Cytospins Preparations produced from 
cytocentrifugation of cytology 
specimens and concentration of 
cells onto a glass slide

Fresh samples Samples obtained directly from 
patients without any fixatives

Liquid-based preparations Automatically produced prepa-
rations from cytology speci-
mens fixed in alcohol-based 
proprietary solutions, with 
automated machine-based pro-
cessing, resulting in a thin-layer 
slide preparation

Microdissection Dissection of specific areas of a 
slide with collection of the cells 
of interest. Can be performed 
manually or with the aid of laser 
(laser capture microdissection)
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Smears The preparation produced by 
the act of smearing or spreading 
the material obtained from fine- 
needle aspirations or exfoliative 
cytology onto a slide

Molecular pathology has evolved in recent years and is 
now part of routine clinical laboratory analysis, with wide 
applications from detection of microorganisms to discovery 
of diagnostic biomarkers, with impact on personalized 
medicine and targeted therapy. In oncologic pathology in 
particular, it plays a vital role in guiding clinical management 

Key Points

• Cytology samples should be used judiciously in order 
to maximize their use for molecular analysis

• FFPE cell blocks have an advantage for molecular 
testing due to their similarities to histological tissue 
blocks; however, they may be limited by DNA degra-
dation caused by formalin fixation. Cytology speci-
mens collected in alcohol- based fixatives may yield 
better-quality nucleic acids

• A variety of cytologic preparations can be routinely 
used for molecular studies, and this can augment 
the number of samples available for molecular 
testing

• Rapid on-site assessment is a useful tool to ensure 
adequate material is present and to check tumor 
fraction

• Cytologic smears and cytospins are well-suited for 
FISH studies, and unlike FFPE sections, are not sub-
jected to nuclear truncation artifact

• The main limitation of wide adoption of cytology 
specimens in molecular analysis is due to the need 
for additional test validation
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and determining patient’s overall response to therapy and 
prognosis.

Among the specimens available for molecular analysis, 
cytology samples provide a versatile option, with several 
advantages over histology specimens (core-needle/surgical 
biopsies) as outlined below. Therefore, it is extremely impor-
tant for the practicing cytopathologist to be aware of the 
advantages (and limitations) of cytology specimens for 
molecular analysis, as well as optimize pre-analytical factors 
for achieving reliable results.

Overall molecular biomarkers are assessed using three 
main technologies: immunocytochemistry (ICC) for protein 
products, fluorescence in situ hybridization (FISH) for chro-
mosomal abnormalities, and mutation analysis for gene 
alterations. Due to the fact that protocols for molecular 
analysis of histology specimens are usually validated using 
FFPE tissue blocks, FFPE cell blocks are usually preferred 
and most commonly used among cytologic preparations, due 
to seamless transition of the protocols originally designed for 
histology samples. However, all the other cytologic prepara-
tions have already been validated and are currently widely 
used. The current chapter envisions, therefore, to list the main 
advantages and limitations of cytology specimens for molecu-
lar tests as compared to surgical biopsies, discuss the appro-
priate handling of these samples, describe the main differences 
among the various specimen preparations, and discuss ways 
to minimize their limitations in order to achieve an optimal 
analysis using these types of preparations.

 Advantages of Cytology Samples

Cytology and histology samples (small biopsies and surgical 
specimens) are received for processing either fresh or in a 
fixative solution. The main differences between these speci-
mens for molecular testing are related to sample handling 
and processing and their effect on the nucleic acids and 
proteins.
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For histology specimens, hematoxylin and eosin (H&E)-
stained tissue sections obtained from formalin-fixed paraffin- 
embedded (FFPE) blocks are used for morphological 
evaluation during diagnostic work-up. Although other fixa-
tives are available, 10% formalin has been widely adopted as 
a universal tissue fixative for producing paraffin blocks. FFPE 
tissue blocks have the advantage of yielding serial sections 
that can be used for ancillary studies, including a variety of 
molecular tests, and have been traditionally used for long- 
term storage. However, the detrimental effects of formalin 
fixation leading to DNA fragmentation and sequencing arti-
facts have been well described [1–6].

Cytology specimens, on the other hand, have the advantage 
of immediate and rapid fixation, as many of these samples are 
received fresh, frequently with a preliminary assessment per-
formed by a cytopathologist or cytotechnologist at the time of 
the procedure, ensuring adequate material is obtained. 
Furthermore, due to their minimal volume, there is no delay 
for the penetration of the fixative solution. Since multiple 
cytologic preparations can be produced from fresh samples, 
usually more than one type is available for molecular testing.

For cytology samples, in addition to the H&E-stained 
slides from cell blocks, Papanicolaou- and Romanowsky- 
stained direct smears or cytospin slides or Papanicolaou- 
stained liquid-based cytology slides can be also produced 
from fresh or fixed material. Therefore, many non-formalin 
fixatives and multiple types of preparations are routinely 
used for diagnostic assessment and are often suitable for 
molecular tests and most frequently provide higher-quality 
nucleic acids than their formalin-fixed counterparts [2, 7].

Cytology samples are obtained by minimally invasive pro-
cedures, which are better tolerated and usually the method of 
choice for critically ill, advanced stage cancer patients [8]. In 
addition, fine-needle aspiration specimens show high propor-
tion of neoplastic cells with lower numbers of nonneoplastic 
stromal and inflammatory cells.

For fluorescence in situ hybridization (FISH) assays in 
particular, cytologic preparations such as direct smears and 
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cytospin slides provide an advantage over FFPE sections as 
they are not subject to nuclear truncation artifact [9].

In summary, since for histology samples only FFPE tissue 
blocks are routinely available, judicious use of the tissue 
sections for morphological examination and ancillary diag-
nostic tests is required to save material for molecular tests. 
In contrast, for cytology, fresh samples are frequently avail-
able and can be utilized to produce a variety of substrates 
that offer therefore high versatility for molecular studies. 
Familiarity with handling and processing protocols for dif-
ferent cytologic preparations, their advantages and limita-
tions, and the fixatives and transport media routinely used 
can help to overcome the self-imposed limited material of 
cytology samples and safeguard an accurate analysis 
(Table 2.1).

 Limitations of Cytology Samples: What 
to Expect and how to Minimize Them

The main limitations of cytological samples are related to (1) 
the multitude of cytologic substrates and fixatives that 
require additional test validation as the majority of molecular 
assays are developed on FFPE tissue blocks, (2) the limited 
cellularity and the nucleic acid yield especially when the neo-
plastic cells are present on a single smear or concentrated in 
small areas of the slide, (3) when the specimen has low tumor 
content with large amount of nonneoplastic cells, and (4) 
medicolegal issues if smears or cytospin slides are used for 
testing and the slide has to be sacrificed without an archival 
slide for future morphological review.

Some of these limitations can, however, be solved using 
the following strategies: (1) samples can be enriched for 
tumor by microdissection of tumor-rich areas to optimize low 
tumor fraction samples for molecular testing (discussed fur-
ther in Chap. 8); (2) digital images or scanned slides (whole 
slide imaging) can be used as archival records to circumvent 
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legal requirements of slide retention; and (3) various cyto-
logic preparations can be employed for different assays, such 
as cell blocks for ICC and direct smears for mutation 
analysis.

Table 2.1 Comparison of cytology and histology samples for molec-
ular analysis
Overall features Cytology samples Histology samples
Influence from 
fixatives

Minimal; usually 
received fresh or fixed 
in ethanol
Immediately fixed
Fast fixation

Formalin causes 
severe DNA 
degradation and 
may hamper RNA 
yield
Prolonged exposure 
to fixatives

Types of 
preparations

Multiple, often many 
can be obtained from 
the same sample

Limited, usually 
FFPE tissue or snap 
frozen

Quantity of 
tumor cells

Physical enrichment 
“per se”
High tumor/stromal 
cell ratio

Depends on the 
area, may carry lots 
of stroma or “non- 
tumoral areas”

Nuclear 
truncation 
artifact for FISH 
assays

Avoided Present

Validation Except for FFPE cell 
blocks, non-formalin- 
fixed preparations 
need extensive 
validation

Widely validated, 
most platforms 
designed for FFPE 
material

Archived 
material

Need digital images or 
WSI if sacrificed, might 
be the only material 
available

Option to obtain 
extra sections for 
ancillary tests

FFPE formalin-fixed paraffin-embedded material, WSI whole slide 
imaging
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 Transport Media and Fixatives

A multitude of transport media and fixatives are routinely 
used to preserve cytology specimens from the time of collec-
tion to sample processing and have been employed to achieve 
optimal morphological details for diagnostic purposes and 
prevent protein and nucleic acid degradation for molecular 
assays. Some transport media can also serve as fixatives. In 
overall, cytology samples are collected and transported until 
processing usually using one or more of the following: (1) 
fresh (no fixative), (2) ethanol, (3) air-dry fixation, (4) spray 
fixation, (5) alcohol-based preservative solutions, (6) forma-
lin, (7) sterile saline, (8) phosphate-buffered saline (PBS), 
and (9) Roswell Park Memorial Institute (RPMI) medium. 
The choices might have effects on downstream analysis. For 
example, for biomarkers assessed by ICC, validation and pro-
tocol optimization must be performed when using alcohol- 
fixed cytology specimens since the results might differ from 
those obtained from FFPE samples [10].

The type of transport media or fixative is closely linked to 
the type of sampling method, the cytologic preparation pro-
duced and/or algorithm used for sample triage. Regardless of 
the differences in sample preparation, the different non- 
formalin fixatives used for cytology samples provide supe-
rior results in terms of DNA quality when compared to 
formalin- fixed material [11]. In general, cytologic prepara-
tions (except for cell blocks) usually preclude formalin fixa-
tion, thus avoiding fragmentation issues and base-pair 
changes associated with this fixative [6]. Alcohol-based pre-
serving solutions used for LBC showed different results for 
DNA yield. Samples collected in CytoLyt (Hologic, Bedford, 
Massachusetts) gave fivefold higher DNA yield than those in 
CytoRich Red (Fisher Scientific UK Ltd., Loughborough, 
Leicestershire, England) [12]. Spray or ethanol-fixed 
Papanicolaou-stained slides provided the best results in 
terms of yield and fragment length compared to LBC and 
air-dried slides [12].
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 Cytologic Preparations

Routinely several cytologic preparations are produced from a 
single cytology specimen. Therefore, multiple options are 
available for the different molecular techniques with protocol 
optimization and validation required for each of the cytologic 
preparation employed (Fig. 2.1).

Needle rinse or
fresh sample

Direct smears

Unstained, Romanowsky
and Papanicolaou
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Figure 2.1 Diagram of main cytologic preparations with emphasis 
on sample collection and transport medium, sample processing, and 
the material required for molecular techniques. PBS, phosphate- 
buffered saline; RPMI, Roswell Park Memorial Institute; FFPE, 
formalin fixed paraffin embedded; ICC, immunocytochemistry; 
FISH, fluorescence in situ hybridization
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 Direct Smears

• Smears are the cornerstone of cytology, inexpensive and 
efficient for morphological analysis. Cost-effective method 
to address sample eligibility.

• Smears usually depict high tumor purity. This ensures a 
confident molecular analysis of the area of interest, even 
when there is low DNA yield.

• Romanowsky- or Papanicolaou-stained as well as unstained 
slides are adequate for molecular testing.

• For Romanowsky-stained smears, cellularity assessment 
can be performed on non-coverslipped slides for immedi-
ate selection and triage to molecular assays.

• Diff-Quik-stained slides are equivalent to cell block sec-
tions and Papanicolaou slides for NGS testing, without 
relevant variations in the total number of reads or in the 
percentage of reads aligning to the target region [13].

• Digital slides (whole slide scanning or digital images of 
specific areas) may be needed prior to slides being sacri-
ficed for testing to circumvent medicolegal problems 
related to slide retention.

• For FISH analysis:
 – Nuclear truncation artifact avoided, a problem usually 

encountered when sections from paraffin blocks (cell 
blocks) are used.

 – Adhesive-coated or positive charged slides are recom-
mended to prevent cell detachment.

• For gene mutation analysis:
 – Macrodissection (cell scraping) or the cell-lifting tech-

nique should be performed for DNA extraction. The 
latter employs the Pinpoint solution of the Pinpoint 
Slide DNA Isolation System (Zymo Research). For low 
cellularity smears, laser capture microdissection (LCM) 
can be used to enrich tumor cell content targeting spe-
cific areas with high tumor cellularity.
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 – The enrichment of tumor cells is required for specimens 
with an estimated tumor fraction below a threshold 
dictated by the analytical sensitivity of the molecular 
assay employed.

• Nucleic acids extracted from smears show comparable or 
even superior results to those observed in formalin-fixed 
paraffin-embedded (FFPE) cell blocks due to non- formalin 
fixation.

 Cell Blocks

• Most common source for molecular analysis among cyto-
logic preparations.

• A variety of fixatives and preparation methods can be 
employed. Variation in acquisition, preparation, and pro-
cessing of tumor material due to different clinical and 
laboratory practices might have minimal impact on test 
results [14].

• Generated from specimens fixed in formalin- or ethanol- 
and alcohol-based preserving solutions (CytoLyt and 
CytoRich red), with post-fixation in formalin.

• Similar processing protocol to histological specimens: 
Easily validated for clinical use.

• Long-term storage cell preservation.
• Multiple serial sections can be obtained from CBs for sev-

eral different assays.
• Techniques for cell enrichment such as LCM can be used 

for samples with low cellularity.
• Special attention to formalin-induced errors that might 

limit an unbiased and exploratory sequencing analysis 
(higher chance of errors).

• For ICC:

 – Multiple external controls can be placed on the same 
tested section which cannot be performed for the other 
cytologic preparations.
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• For FISH analysis:
 – A corresponding H&E-stained slide usually used to 

circle areas with high tumor cellularity or specific areas 
for scoring.

 – Non-fluorescence-based assays such as chromogenic in 
situ hybridization (CISH) and silver in situ hybridiza-
tion (SISH) can be performed.

• For mutation analysis:

 – Microdissection of multiple unstained slides with regu-
lar thickness (4μ) or thick (>10μ) unstained sections 
(“curls”) can be used for DNA extraction.

• For PCR-based assays, test failure is similar to that of his-
tology specimens, regardless of the type of fixative used 
(alcohol or formalin) [15].

 Liquid-Based Cytology (LBC)

• Valid alternative to conventional smears, limiting sampling 
artifacts as the automated process for producing LBC 
slides leads to minimal contamination by blood, inflamma-
tion, and cellular debris.

• Macrodissection (cell scraping) or the cell-lifting tech-
nique used for DNA extraction and digital slides (whole 
slide scanning or digital images of specific areas) required 
for slides to be sacrificed for testing, similar to smears.

• The residual cell suspension (cellularity can be macro-
scopically assessed by the cloudiness of the fluid) after 
LBC slides are produced can be submitted to formalin 
fixation to produce cell block slides that can be used for 
additional molecular tests or other ancillary techniques.

The residual LBC sample can also be sent directly for 
molecular testing although the residual solution may not be 
sufficient for testing and can be stored just for a short period 
of time [16]. However, multiple FNA passes and changes in 
workflow for sample processing can yield adequate material 
for analysis in the majority of cases [17, 18].
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 Cytospin Preparations

• Stained and unstained slides are adequate for testing.
• Underutilized preparation for mutation analysis. Most 

frequently used for FISH analysis.
• For FISH analysis:

 – Facilitates analysis due to the nature of the specimen: 
avoidance of nuclear truncation artifact.

 – Widely used and well validated in the literature, espe-
cially for study of lymphomas.

• Macrodissection (cell scraping) or the cell-lifting tech-
nique used for DNA extraction similarly to smears.

• Scalpel-blade cell scraping provide higher DNA yield than 
the cell lifting [19].

• Concentration of the cells in a small area in the center of 
the slide makes the analysis faster.

• Option to produce multiple slides from one sample and 
archive them for future studies.

• Archived cytospins could be used as a source of DNA, 
with results comparable to archived smears [7, 20].

 Other Preparations for Storage and Future Molecular 
Analysis (Cryopreservation and FTA Cards)

Cryopreservation

• Biobanking of fresh cells has the advantage of not being 
fixed or processed.

• “In natura” DNA can be harvested from the cells, when-
ever needed.

• Lack of morphological assessment (exact percentage of 
tumor cells might not be accurately determined—A cyto-
spin can be run with an aliquot of the material for cellular-
ity assessment).

• Demands more sophisticated infrastructure, such as −70 °C 
freezers; might be costly and not readily available.
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FTA Cards

• Cheap, convenient to extract and store. Fast turnaround 
time for targeted panels.

• Suitable for most PCR-based technologies and NGS. Easy 
to transport and a viable solution for remote or underde-
veloped centers.

• Lack of morphological assessment (similar to frozen mate-
rial, a cytospin can be produced at the time of collection 
for cellularity assessment).

• Not widely validated, and therefore, needs multicenter 
studies.

• Robust studies on RNA extraction are not yet available.

 Conclusions

As the use of minimally invasive sampling procedures 
expands and medicine progresses to personalized therapies, 
more information will be needed from limited specimens for 
the management of patients who might require collection of 
tumor material for repetitive biomarker testing on resistant, 
recurrent, or metastatic tumors. A rationale use of different 
cytologic preparations and methods aiming to increase 
nucleic acid quality and yield, as described in this chapter, is 
a sine qua non condition for a steady incorporation of cytol-
ogy as a valid source of molecular material.
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Abbreviations

CNB Core-needle biopsy
EBUS Endobronchial ultrasound
EUS Endoscopic ultrasound
FNA Fine-needle aspiration
ROSE Rapid on-site evaluation
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Key Points

• Cytopathology specimens are acquired in different 
ways depending on the site of interest

• Exfoliative cytopathology refers to specimens that 
are spontaneously shed or can be brushed off, for 
example, cervical smears and body fluids
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 Part 1: Sample Acquisition

 Sample Types

Cytopathologic specimen acquisition refers to how cellular 
material is collected or obtained for cytopathologic examina-
tion. Acquisition can be broadly categorized as either exfolia-
tive or aspirational (Fig. 3.1). Exfoliative cytopathology refers 
to the collection of cellular material that has been spontane-
ously shed or manually detached (i.e., scraped or brushed off 
a surface), whereas aspirational cytopathology refers to speci-
men collection by actively procuring material from an area of 
interest within the body not amenable by exfoliation (e.g., 
using a needle in a back and forth fashion with intentional 
forward cutting motion to obtain material from within the 
tissue). Regardless of the acquisition method, ancillary stud-
ies may be desired (to supplement the diagnosis) or required 
for diagnostic purposes and therapeutic selection.

Exfoliative cytopathology refers to collected cellular mate-
rial that has been spontaneously shed or manually detached 
from a body surface. Examples of spontaneous exfoliation 

• Fine-needle aspiration is a minimally invasive way of 
acquiring specimen that is not amenable to 
exfoliation

• The FNA technique is critical to obtain optimal 
material for diagnosis and ancillary testing

• Rapid on-site evaluation is frequently utilized and is 
a useful adjunct to ensure adequacy and proper 
triage

• A well-formatted test requisition form with essential 
components ensures that the cytopathology speci-
men is well triaged and processed
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specimens include fluid collection from body cavity effusions. 
Effusions (i.e., excess fluid accumulation) can occur within 
pleural, pericardial, or peritoneal cavities and indicate some 
pathologic process. Other spontaneous exfoliated specimens 
include sputum, voided urine, catheterized urine, synovial 
joint fluid, and cerebrospinal fluid samples. Although some 
degree of intervention may be acquired to obtain the sample 
(i.e., thoracentesis, lumbar puncture, etc.), the cellular mate-
rial present in the sample typically accumulates spontane-
ously in the obtained fluid. Manual exfoliation differs in that 
mechanical manipulation is used to exfoliate cellular material 
from a body surface. Mechanical manipulation methods 
include brushing, scraping, or irrigating a surface in an effort 
to dislodge cellular material. Examples of such specimens 
include brushing specimens (from a variety of sites), washing 
samples, and the modern-day Papanicolaou test where a 
brush is used to collect material from the cervix (note the 
original method was spontaneous exfoliation using a pipette 
to collect vaginal pool secretions [6]) (Fig. 3.1).

When an area of interest cannot be sampled by exfoliation, 
aspirational cytopathology (with or without a corresponding 
biopsy specimen) is often utilized. In this approach, cellular 
material is obtained by using a needle to actively procure 
material. One such example would be a fine-needle aspira-
tion (FNA) of a nodule in the thyroid gland. Here, a needle is 
directly placed into the area of interest (i.e., the thyroid 
lesion) in an attempt to procure material. It should be noted 
that appropriate technique (further discussed below) is 
essential for ensuring specimen adequacy. Another type of 
cytopathology specimen that can be included in the aspira-
tional category includes touch preparations made from tissue 
biopsy specimens (discussed below). Many times, rapid on- 
site evaluation (ROSE) is utilized in aspirational cytopathol-
ogy (ROSE further discussed below) which enables specimen 
adequacy evaluation and allows for appropriate specimen 
triage during the procedure.
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 Fine-Needle Aspiration Procedure

The term fine-needle aspiration (FNA) is somewhat of a mis-
nomer in that procured material is not acquired by aspiration; 
rather, it is the back and forth cutting action of the needle that 
facilitates the movement of material into the bore of the 
needle. Proper technique is essential in order to maximize the 
amount of procured material. Simply placing a needle in an 
intended target, generating negative pressure, and “wiggling” 
the needle back and forth will almost invariable result 
in  localized hemorrhage and suboptimal cellular collection. 
In many instances, the pathologist is not the one performing 
the FNA procedure. However, the pathologist may be in the 
position to provide feedback or make suggestions on how the 
proceduralist could potentially increase yield, particularly 
when ROSE (discussed below) is being performed.

After it has been determined that an FNA is warranted 
and the patient has been consented, the patient should be 
positioned accordingly, the area prepped, and the target 
lesion immobilized (as much as possible). The needle can 
then be placed into the lesion for sampling. Needle location 
can be verified by image guidance such as ultrasound; how-
ever, imaging assistance is generally not needed for superfi-
cial palpable lesions. For deep-seated lesions, the use of 
CT- or MRI-guided imaging is usually utilized. It should be 
noted that placing the needle along the long axis can help 
facilitate more cellular procurement of material [7] during 
the procedure. After the needle has been placed into the 
lesion, a vacuum can be generated by pulling back on the 
plunger of the syringe that the needle is attached to (see Fig. 
3.2 for an example of devices that can assist with providing 
negative pressure). This negative pressure should be main-
tained throughout the procedure and released before the 
needle is removed. After negative pressure has been gener-
ated, the needle should be moved in a back and forth fashion 
at a rate of 2–3 times per second with intentional forward 
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cutting motion while maintaining the tip of the needle in the 
lesion. It is the cutting motion of the needle that procures 
material; negative pressure (aspiration) is simply added to 
help facilitate the movement of material into the bore of the 
needle. The length of time the needle is in the lesion is 
referred to as the “dwell time”; the dwell time should not 
exceed 20  s [8] and should be limited to 2–5  s in vascular 
lesions or tissues [9]. Excessive dwell times can result in 
blood clotting within the bore of needle. The cells of interest 
can become entrapped in the clotted material obscuring 
 cytomorphologic details (Fig.  3.3). If interpretation is hin-
dered due to clotted material, one can attempt to salvage this 

Figure 3.2 Devices that can help provide negative pressure during 
the fine-needle aspiration (FNA) procedure
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material during ROSE by picking the clotted material off the 
slide with a sterile needle and placing it in liquid media for 
cell block preparation.

As mentioned earlier, negative pressure should be discon-
tinued before removing the needle; continued negative pres-
sure can result in procured material becoming trapped in the 
syringe making it irretrievable. Using a “fanning” technique 
with the needle [8], that is, slightly redirecting the needle tra-
jectory with each back and forth movement, can help facili-
tate sampling a larger area of the lesion (see Fig. 3.4 for an 
outline of FNA technique). The trajectory should only be 
changed when the needle tip is in a superficial location as 
moving the needle when it is placed deep in the lesion can 
result in tissue tearing and excessive bleeding. Localized 
bleeding and hemorrhage can compromise the specimen 
quality as the material procured will become more hemodi-
lute. Needle selection is also an important consideration. 
Larger bore needles often result in more bleeding where thin-
ner needles can minimize bleeding. As such, 25 and 27 gauge 
needles are typically preferred for vascular lesions or tissues 
[9, 10]. Larger bore needles (23 gauge) may help procure 
material from sclerotic nonvascular lesions.

It should be mentioned that not all performed FNA need 
accompanying negative pressure. The same procedure 

Figure 3.3 Excessive dwell time during a fine-needle aspiration can 
lead to clotted blood entrapping cellular material of interest which 
obscures cytomorphologic features
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described above can be used without applying suction, known 
as the French technique or capillary action needle biopsy. The 
choice of technique to use is generally based on operator 
preference, as both techniques can procure adequate material 
[11, 12]. One theoretical advance of using the French tech-
nique is a reduction of trauma to the targeted area and poten-
tially less bleeding as the negative pressure component is 
being eliminated from the procedure. Conversely, a potential 
disadvantage is in the setting of cystic lesions as cyst fluid 
present cannot be readily drained. Again, when selecting 
which procedure to utilize, lesion location, lesion characteris-
tics, and comfort/familiarity of the technique should all be 
taken into consideration. Some prefer simply using a needle 
when performing the French technique and then attaching to 
a syringe (with the plunger pulled backward a few cc’s) after 
removing the needle from the biopsy target in order to 
express the material out of the bore of the needle. Another 
approach is to attach the needle to a syringe (again, with the 

The FNA Procedure

Needle placed into target
Preferably, the needl is place along the long axis

If using negative pressure, pull
backward on attached syringe
Maintain negative pressure until you are 
ready to withdraw the needle

Move the needle forward in a
“cutting” action and then back

Limit dwell time

Release negative pressure

Remove needle

Repeat the forward and
backward motion
Rate: 2-3 per second

Can use a “fanning”
motion to increase area
samples

Time the needle is in the lesion
- No longer than 20 seconds, 2-5 seconds for vascular lesions

Forw
ard cu

ttin
g m

otio
n

Backw
ard

Rate: 2-3 per second

Figure 3.4 The fine-needle aspiration procedure illustrating the dif-
ferent steps involved and the correct technique for obtaining an 
adequate sample
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plunger pulled back a few cc’s or completely removed, 
Fig.  3.5) and then perform the procedure. The needle and 
syringe can be held as a pencil when performing the proce-
dure which can potentially give one more control. Second, the 
needle is already attached to the syringe for material expul-
sion after the needle is removed from the target. And third, if 
the lesion is cystic, a syringe is already attached to the needle 
should fluid need to be drained. A good resource to learn 
optimal FNA techniques is the video series by Britt-Marie 
Ljung, M.D. (http://www.papsociety.org/fna.html) [13].

Figure 3.5 Needle and syringe set up for the French technique. 
Note: the plunger has been pulled backward a few cc’s. Alternatively, 
the plunger can be removed completely. The needle and syringe can 
be held like a pencil when performing the procedure
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One of the biggest advantages of FNA is the ability to 
perform an intra-procedural assessment of the procured 
material by ROSE to determine specimen adequacy. ROSE 
is further discussed below along with techniques to help 
increase diagnostic yields.

 Rapid On-Site Evaluation

Rapid on-site evaluation (abbreviated and typically referred 
to as ROSE) consists of “real-time” evaluation of procured 
material. Initially, ROSE was utilized during percutaneous 
FNA procedures performed by pathologists and/or radiolo-
gists, particularly for assessing material procured from the 
thyroid gland. ROSE is now commonly used during endo-
bronchial ultrasound (EBUS)- and endoscopic ultrasound 
(EUS)-guided fine-needle aspiration procedures.

When ROSE is requested, the material procured is pre-
pared and stained, while the procedure is taking place. This 
enables immediate and real-time cytopathologic evaluation; 
therefore, information can be relayed to the physician per-
forming the procedure with regard to specimen adequacy. 
Additionally, preliminary diagnostic information can be given, 
and the specimen can be appropriately triaged for potential 
ancillary tests (i.e., flow cytometry, microbiology studies, 
molecular studies, immunohistochemical studies, etc.).

Procured material can be evaluated by Romanowsky stain 
preparations (such as the Diff-Quik stain) or by a rapid 
Papanicolaou stain. The Diff-Quik stain is a proprietary rapid 
differential stain of the Romanowsky family that gives a similar 
optical quality to the Wright-Giemsa stain which can performed 
in under a minute. Slides should be allowed to dry completely 
before staining. Depending on one’s preference, other smears 
prepared from the pass can be alcohol fixed and later stained 
with the Papanicolaou stain. To stain with  Diff- Quik, the air-
dried slides are typically stained as follows: 10 dips in fixative, 
10 dips in xanthene dye, and 10–20 dips in thiazine dye,  followed 
by a rinse in tap water (Fig.  3.6a, b). This can be performed 
rapidly at the bedside or in the operating room.

Alternatively, a rapid Pap stain can be utilized or simulta-
neously performed with the Diff-Quik stain. The staining 
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time typically takes between 90 and 130  s, which is slower 
than Diff-Quik but faster than the traditional Papanicolaou 
staining procedure. The rapid Papanicolaou stain requires the 
use of a hood as xylene is one of the solutions used. Hence, it 
may not be feasible for bedside use. A modified ultrafast 

a

b

Figure 3.6 (a) Stain set up for Diff-Quik stain (b) Multiple slides 
can be stained at a time using a slide holder
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Papanicolaou (MUPF) stain requires air-dried smears; these 
are placed in normal saline for 30 s followed by 6 dips in tap 
water, 30 s in Harris hematoxylin, 6 dips in tap water, 15 dips 
in EA-36, 6 dips in 95% alcohol, 6 dips in 100% isopropyl 
alcohol, and 10 slow dips in xylene. The rapid Pap staining 
process is more complex than the Romanowsky stain; how-
ever, nuclear detail is typically much better assessed with the 
Papanicolaou stain.

If the cytopathologist determines that the sample is inad-
equate, the physician performing the procedure can modify 
the FNA technique (by using or discontinuing use of negative 
pressure, altering the puncture site, changing the depth and/
or angle of puncture) [14]. These measures can be done dur-
ing the procedure in efforts to mitigate the need for repeat or 
alternative more invasive procedures. If the cytopathologist 
confirms adequate diagnostic material was obtained, addi-
tional specimen collection can be performed during the pro-
cedure if necessary or desired (i.e., to ensure thorough 
sampling of the intended target or for ancillary studies as 
appropriate) [15].

Many studies have shown the use of ROSE improves diag-
nostic yield, aids in clinical decision-making [16], and reduces 
the number of passes performed during the procedure [14], all 
of which are theoretical advantages of ROSE.  Some studies 
have concluded that ROSE does not improve diagnostic yield 
[14, 17] and, given the added cost, ROSE is not always war-
ranted [18, 19]. It is important to point out that molecular test-
ing success of FNA samples is directly dependent on specimen 
adequacy. Various factors can contribute to  specimen adequacy, 
particularly the comfort level and experience of the physician 
performing the procedure. Some centers report adequacy rates 
of >90% without ROSE [20]; as such, it is reasonable to tailor 
the use of ROSE based on the needs of a particular hospital or 
institution. It should be noted that specimen adequacy is only 
one advantage of ROSE. Others include the relay of prelimi-
nary information, appropriate specimen triage for ancillary 
studies, the potential to give guidance to the physician per-
forming the procedure (i.e., feedback for improving yield; see 
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the above section on FNA procedure), the ability to stop sam-
pling when appropriate material has been obtained (opposed 
to doing a set number of passes), and building a relationship 
between the cytopathologist and proceduralist (which may 
potentially enhance patient care).

Like with any procedure, there are some challenges that 
exist for ROSE. Some hospitals or institutions may not have 
ROSE readily accessible. Perhaps the biggest challenge from 
a cytopathology management standpoint is the amount of 
time ROSE can potentially take. The average amount of time 
per site sampled can range from 12 to 22 min, and often, more 
than one site is sampled [21, 22]. In addition, current Medicare 
compensation rates are insufficient to cover the costs pathol-
ogy incurs when performing ROSE [18]. Telecytopathology 
can be employed as a potential time-efficient technique in 
busy cytopathology laboratories. Setup requires a microscope 
connected to a high-resolution digital camera, video software, 
secure intranet, access, and appropriate validation (Fig. 3.7). 
A trained person, such as a cytotechnologist can prepare the 

Figure 3.7 Setup for telecytopathology illustrating a microscope 
connected to a high-resolution digital camera equipped with appro-
priate video software and secure intranet access. A trained person, 
such as a cytotechnologist, can prepare the slides and relay the live 
images to a pathologist who may be present at a different location
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slides and relay the live images to a pathologist at a different 
location [23, 24].

Given the numerous potential advantages of ROSE 
(Table 3.1) [25], particularly with regard to specimen triage, 

Table 3.1 Advantages and disadvantages of ROSE [25]
Summary of the advantages and disadvantages of ROSE
Advantages Disadvantages
Reduces the need for additional 
sampling (core-needle biopsies) 
with a lower risk of procedure 
complications

Need for an experienced 
on-site cytopathologist 
(experience and familiarity 
with results)

Cost-effective (fewer ancillary 
techniques)

Equivocal on-site diagnosis 
may prematurely end a 
procedure

Improves the adequacy rate Need for extra time from the 
cytopathologist

Decreases the number of passes 
needed for an adequate sample

Financial under compensation 
of pathologist’s time

Assists further diagnostic triage 
(assess whether extra material is 
needed, decide how to preserve 
material for further ancillary 
studies)

Need for optimal staining 
quality

Stores fresh cells when needed, 
optimization of storing material 
for molecular analysis

Extended time for procedure, 
as well as extended anesthesia 
time (higher doses of 
narcotics)

Improves overall diagnostic 
yield

Relies solely on morphology 
(thus a need for an 
experienced cytopathologist)

Improves diagnostic yield of 
cystic lesions

Need for optimal clinical- 
pathologist communication

Improves sensitivity

Reprinted with permission from da Cunha Santos et al. [25], © 2013, 
with permission from John Wiley and Sons
Abbreviation: ROSE rapid on-site evaluation
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many cytopathologists advocate for implementing ROSE 
whenever appropriate and feasible.

 Touch Preparations

The core-needle biopsy (CNB) is often used as a minimally 
invasive technique to sample tissue without the need for a 
more invasive procedure (surgical excision or resection). 
Although the CNB specimen is typically considered a histol-
ogy specimen (opposed to a cytopathology specimen), often 
a cytopathology specimen is prepared from the CNB in the 
form of a touch preparation for rapid on-site adequacy 
assessment. Traditionally, if material representative of the 
targeted lesion is seen on the touch preparation, the proce-
dure is stopped, and the specimen is considered adequate for 
diagnosis. Conversely, if material representative of the tar-
geted lesion is absent, the biopsy is considered inadequate, 
and additional biopsies are obtained in an effort to procure 
diagnostic material. However, in the current era of molecular 
diagnostics and the increasing need for adequate tissue to 
perform molecular testing for targeted therapeutic selection, 
the presence or absence of lesional material alone is 
 insufficient for adequacy determination. When doing an 
adequacy assessment, the pathologist needs to be aware of 
the purpose of the specimen adequacy. As such, it is essential 
to know the intent of the biopsy (i.e., why it is being per-
formed and what information is being sought after). A speci-
men may be “adequate” from a diagnosis standpoint (presence 
of tumor) but, however, inadequate for desired ancillary test-
ing which may have been the sole intent of the biopsy.

Traditionally, CNB was performed purely for diagnostic 
purposes (i.e., in order to determine the pathologic process). 
However, in the molecular diagnostic era, CNB is frequently 
performed for diagnostic purposes and ancillary testing (i.e., 
immunohistochemical and/or molecular studies to determine 
if targeted therapy is warranted). In some instances, CNB is 
obtained solely for ancillary testing purposes (for instance, in 
cases where the diagnosis has already been established and 
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additional tissue is needed for ancillary testing to guide clini-
cal management). Mishandling the specimen can result in 
unnecessary repeat procedures which are both costly and 
increase the overall risk of harm to the patient. As such, it is 
advised to treat each malignant sample as if ancillary testing 
will be needed and performed at some point in time, even if 
ancillary testing is not requested at the time of the procedure. 
Anticipating potential ancillary testing can help mitigate the 
need for repeat procedures for additional tissue acquisition.

The advantage and disadvantage of the touch preparation 
are at odds with each other, particularly, when ancillary test-
ing is desired. Using touch preparations for specimen ade-
quacy, assessment can be quite useful and is generally 
accurate (accuracy reports around 90%) [26, 27]. The major 
disadvantage of the touch preparation is its potential effect 
on the cellularity of the CNB. For example, if the majority of 
malignant cells are “touched” off when making the touch 
preparation, there may be insufficient material on the tissue 
specimen to perform desired ancillary tests. This can be prob-
lematic as, in this setting, the specimen is typically determined 
to be adequate during the on-site adequacy assessment; how-
ever, the material on the biopsy is insufficient for ancillary 
testing. One could argue that sufficient material is present on 
the cytopathology touch preparation specimen, which could 
be a potential substrate for molecular testing; however, due 
to ease of assay validation, a large fraction of laboratories 
prefer formalin-fixed paraffin-embedded material for molec-
ular testing (even though cytopathology specimens are suffi-
cient and may provide better testing material than biopsy 
samples [28–31], please refer to Chap. 4 for more information 
on specimen selection). This “loss” of material on the CNB 
specimen has been demonstrated as lower CNB DNA con-
tent [32] and decreased cellularity [33], particularly in cases 
where more aggressive touch preparation methods were 
employed [32].

Potential ways to maximize the amount of material pres-
ent on CNB specimens when adequacy assessment is desired 
include FNA of the intended target with ROSE (FNA and 
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ROSE discussed below) followed by CNB [34] or performing 
very light touch imprints on the CNB while limiting “drag-
ging” of the core across the slide if an initial FNA is not per-
formed [32]. In the ideal situation, the former is done (FNA 
with ROSE followed by CNB) in order to maximize the 
amount of material present for potential ancillary tests. There 
may be certain situations where an initial FNA is not ideal 
(i.e., very small lesions and/or the fear that the FNA will 
result in extensive localized bleeding limiting or precluding 
targeting of the CNB) [33]. Sometimes, the CNB tissue is 
extremely friable and does not hold together. Even a light 
touch imprint may result in a significant loss of tissue from 
the biopsy specimen leaving small tissue fragments on the 
cytopathology slide. These small tissue fragments are gener-
ally poorly visualized on cytological examination as they are 
often multiple cell layers thick. One way to potentially sal-
vage this material is to manually “pick” it off the touch prepa-
ration slide using a sterile needle and placing it in liquid 
media that can be used for a cell block preparation (and 
potential ancillary testing). Regardless of the situation, care 
and “intra-procedural trouble shooting” should be imple-
mented in efforts to facilitate diagnosis and conserve as much 
material as possible for potential ancillary studies.

 Part 2: Test Requisition

An appropriate requisition form must accompany all cytopa-
thology samples received, and the requisition must be com-
pleted by the physician sending the specimen or by an 
authorized/designated person (i.e., nurse or physician assis-
tant working with the physician sending the sample). As 
stated by the CLIA ‘88 guidelines, requisition forms must be 
retained for at least 2 years. The requisition form must con-
tain certain informational elements; additional elements can 
be added as to tailor the requisition to ones’ particular prefer-
ences (Fig.  3.8). Required elements include the patient’s 
name or other unique identifier, the patient’s age or date of 
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birth, the patient’s gender, the name and address of the order-
ing/authorized provider, the date of specimen collection, the 
test to be performed, and the source of the specimen [35]. 
Gynecological specimens should include the last menstrual 
period (LMP) and any patient history of abnormal 
Papanicolaou tests, treatments, and/or biopsies [8]. The 

Patient Ordering Physician

Gynecological Specimen

Cytology Use ONLY

Slides received : Cell Block :

Date :

Findings :

Time : specimen received

Contact :

Copies

Vulva Vaginal VaultCervix
Site

Technique

Colposcopy Specimen

Menopausal

Hysterectomy

Pregnant

Therapy

HPV Vaccine

Abnormal Bleeding

Suspicious Lesion

Previous Abnormality

Spatula

Yes No

Yes No Last Menstrual Period Date :

Total :

Postpartum

Yes No

Yes YesNo No

Yes

BCP IUD Hormone Radiation

Vaccination Date :

Discharge

Description :

Description :

Non-Gynecological Specimen

Sputum

Bronchial

Test
Cytology

Pleural Fluid

Fine Needle Aspirate (FNA) Specify :

Peritoneal Fluid Pericardial Fluid Pelvic Washing Other GYN Staging Site:

Other Specify :

Pneumocystis Cell Count

Site : Washing Brushing Bronchoalveloar Lavage

Urine
Voided Bladder Washing Cystoscopy Other Specify:Catheter

Date :

Chemotherapy

No

Yes YesNo No

Yes No

Yes No

Endocervial Brush (Cytobrush)

Medical Record Number :

DOB :

Sex : M F

Figure 3.8 Sample test requisition form containing the appropriate 
required informational elements such as the patient’s unique identi-
fier, the patient’s date of birth and gender, the contact information 
of the ordering/authorized provider, the date of specimen collection, 
the test to be performed, and the source of the specimen
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patient’s name/unique identifier and date of birth are espe-
cially important to assure the correct specimen is being 
matched with the correct patient. Age and gender provide 
demographic information, which can be particularly helpful 
as certain conditions are more common in certain patient 
populations. This information also has utility when during 
case sign out, for example, reporting endometrial cells in a 
Papanicolaou test in women over 45 years of age. The addi-
tional information required in gynecology specimens such as 
LMP, abnormal history, and/or treatment may alert the 
pathologist to prudently seek out any abnormality and may 
explain the pathology being seen. Documentation of the 
specimen source is vitally important with regard to knowing 
which part of the body the material was collected from and 
for determination of specimen adequacy. The various types of 
cytopathology specimens were discussed earlier in the 
 chapter. Knowing the site and method used to obtain the 
specimen is required to determine if sampling is adequate 
and to avoid misinterpretation. For example, a bronchial 
washing mislabeled as a bronchoalveolar lavage (BAL) may 
be inadvertently called inadequate due to lack of alveolar 
macrophages.

When a cytopathology sample and appropriate requisition 
is received, the next step in the pre-analytic phase is to deter-
mine the type of material received and what types of 
 preparations can (and should) be made. Received material 
can include smeared slides (fixed and/or air-dried), a brush, 
material placed in various fixatives, material placed in media 
for flow cytometric studies, or fluid obtained directly from a 
particular site (fluid from an effusion, CSF, urine, etc.). 
Tailoring a requisition form so the specimen is appropriately 
processed is essential in order to avoid pre-analytic error 
(e.g., having information regarding the desire for microbiol-
ogy studies or flow cytometry).

With the exception of received smears, various prepara-
tions can be made from received specimens (smears prepared 
from a brush, cytospins, ThinPrep or SurePath preparations, 
and/or cell block preparations). The type of preparation is 
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often determined by specimen type, personal preferences, 
and potential/desired ancillary testing; particulars of speci-
men preparations for molecular testing purposes are further 
discussed elsewhere in this text.
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Abbreviations

CNB Core-needle biopsy
DQ Diff-Quik
EBUS-TBNA Endobronchial ultrasound-guided trans-

bronchial needle aspiration
EHR Electronic health record
FFPE Formalin-fixed paraffin embedded
FISH Fluorescence in situ hybridization
FNA Fine-needle aspiration
IHC Immunohistochemistry
LBC Liquid-based cytology preparation  

(e.g., ThinPrep, SurePath)
NGS Next-generation sequencing
Pap Papanicolaou
PCR Polymerase chain reaction
TQL Tissue qualification laboratory
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Key Terminology

Analytic threshold Minimal input requirement for 
successful testing as determined 
by laboratory validation

Input DNA Minimum amount of DNA needed 
to obtain a result by PCR or NGS

Pre-analytical workflow Includes the processing and han-
dling of samples and clinical 
requests for testing, evaluating 
samples for adequacy for testing, 
and preparing samples for testing

Tumor fraction Percentage of tumor cells in a sam-
ple. The analytic threshold for T% 
is defined as the minimum amount 
of tumor DNA that can be reliably 
detected in a background of wild- 
type DNA. Calculated by the total 
number of tumor cells divided by 
the total number of nucleated 
cells. Also referred to as tumor cel-
lularity and tumor proportion

Tumor mapping Process by which areas of relative 
tumor enrichment on smears or 
paraffin sections are marked for 
extraction (by macrodissection or 
microdissection) and processing

Key Points

• An optimal pre-analytic workflow requires a proac-
tive adaptation to the demands of molecular pathol-
ogy and takes into account the strengths and 
weaknesses of one’s practice environment

• Pre-analytic evaluation requires an understanding of 
the platforms used for testing and their analytic 
requirements
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 A Workflow Adaptation  
to the Molecular World

Clinically requested molecular testing for prognostic and 
therapeutic information has changed the practice of pathol-
ogy across most institutions. Ten years ago, the number of 
tests for solid tumors was relatively small and the sporadic 
molecular test requests received, usually via email or phone, 
were generally handled by the pathologist who had signed 
out the case. As the number of tests expanded and the clinical 
requests for testing exploded, it became painfully clear that 
this reactive approach to testing was grossly inefficient and 
inconsistent. Therefore, for the good of patient care, a proac-
tive approach is needed to anticipate the possibility of receiv-
ing a request for testing.

The best pre-analytical workflow depends on the particu-
lar strengths and limitations of the practice environment (e.g., 
frequency of requests for testing, availability of in-house 
molecular testing, ability to use non-FFPE substrates, staffing, 
clerical and informatics infrastructure, etc.). One would 
therefore expect a wide variety of healthy workflow adapta-
tions to molecular testing. Although the approach outlined 
below is our particular adaptation and appropriate for a large 
tertiary care cancer center, elements discussed herein may be 
of general interest or applicability.

• Adequately assessing cellularity/input DNA, tumor 
fraction, and tumor mapping is not difficult but does 
require attention to detail and some self-training

• In-house validation is needed when using nontradi-
tional substrates

• Communication with the clinical team is especially 
important with marginally adequate samples at risk 
for a false- negative result and when triaging of multi-
test requests is needed because of limited sample
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 Conservation

The first and most fundamental adaptation has been a change 
in mindset. It used to be that whenever we received an FNA 
or biopsy, we would attempt to make a definitive diagnosis 
and subtype every tumor, however many immunostains were 
needed. More recently, the most important clinical question is 
sometimes less about a highly specific diagnosis and more 
about the mutational status of the tumor. In fact, sometimes 
the diagnosis is already well established and the FNA/biopsy 
is performed specifically to acquire tissue for molecular test-
ing. So it is important now to firmly understand the clinical 
context of the biopsy, anticipate the need for current or 
future molecular testing, and conserve the FNA/biopsy as 
much as possible.

 Diagnostic Reports

The second adaptation has been in our pathology reports. 
Several years ago, we would spend an inordinate amount of 
time and energy chasing down recent and archival cases for 
re-review just to find a block or smear adequate for testing. 
With a small change in reporting, we have spared ourselves 
this aggravation. Our surgical pathology reports now contain 
a biomarker field, in which the best blocks (primary and 
metastatic tumor and normal control when appropriate) are 
identified. Our FNA reports now contain a field to indicate 
the number of smears suitable for PCR and FISH testing and 
the quality of the cell block for testing (see Fig. 4.1).

 Streamlining Pre-analytic Evaluation

The third adaptation has been in clerical, laboratory, and 
informatics infrastructure. Upon finalization of the surgical 
pathology report, the paraffin blocks designated in the bio-
marker field are sequestered in a separate laboratory, known 
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as the Tissue Qualification Laboratory (TQL) and staffed by 
experienced histotechnologists who function apart from the 
main histology laboratory. This ensures that blocks are not 
lost and are always available for quick access. Our clinical 
service is no longer disrupted by fielding clinicians’ phone 
and email requests for testing, since these are routinely made 
in the electronic health record (EHR) as order sets, which 
preserve the documentation needed for billing purposes. The 
tracking of order sets provides metrics, such as turnaround 

Biomarker testing
Tumor block:

SR: 6 S, 2 CB

MDL CB: 300+

MDL Pap: 2 S
MDL DQ: No

FISH DQ: 2 S

D3

D34
E1

Non-neoplastic antral mucosa block:
Liver metastasis block:

**************************************************************

a

b

Figure 4.1 Examples of biomarker fields in (a) surgical pathology 
and (b) cytopathology reports. The biomarker field appears at the 
bottom of the surgical pathology report and indicates primary 
tumor, metastatic tumor, and block for use as normal control. 
Limited or insufficient tumor is reported as such. A biomarker field 
also appears at the bottom of the cytopathology report and indicates 
the number of smears (SR) and cell block sections (CB) retained in 
file. The tumor cellularity of the cell block is reported as 300+ (high), 
50–300 (medium), or < 50 (low). The number of Pap- and DQ-stained 
smears suitable for PCR/NGS testing (MDL Pap/DQ) and the num-
ber of DQ-stained smears suitable for FISH (FISH DQ) are 
reported. This reporting informs not only the pathologist evaluating 
a future clinical request for testing but also the clinician who may 
want to order testing
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time to lab, to identify problems and improve efficiency. We 
also now have a clerical office of pathology expeditors who 
organize and manage these clinical requests from the EHR, 
gather relevant in-house case materials for the pathologist’s 
review, and interface with the TQL histology laboratory, 
referring hospitals, and the molecular laboratory on problem-
atic cases.

 Ensuring Quality and Uniformity  
of Pre-analytic Evaluation

The fourth adaptation has been the development of a clinical 
service for pathologists to perform pre-analytic assessments 
of cases for testing. The number of pathologists who rotate on 
this TQL service is limited in order to maximize the quality 
and uniformity of these pre-analytic evaluations. Although a 
focused accountant mentality in evaluating tumor fractions 
and a diligence in pursuing alternative material for testing are 
the only essential qualifications, it helps that several of these 
pathologists also sign out the molecular results of solid 
tumors and can therefore inform the group of recurring prob-
lems and new developments in the molecular lab.

 Hierarchy of Testing and Communication

The clinician often specifies which sample is to be used for 
testing. Whenever this is unsuitable, alternative or supple-
mental concurrent or archival material is queried within the 
context of the requested tests and in communication with the 
clinical team. Historically, testing histologic samples is 
 preferred, but when a core biopsy is insufficient or only partly 
adequate, the concurrent FNA and/or effusion are pulled for 
evaluation. Sometimes slides from the concurrently acquired 
FNA and core biopsy are combined for PCR/NGS muta-
tional analysis, as long as they were obtained from the same 
site during the same procedure. For a significant subset of 
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requests, cytology samples are the only material available for 
testing. Cell block sections are preferred when the tumor 
fraction is high and tumor mapping is not required. Since our 
molecular lab accommodates smears as well as cell blocks, 
smears are used in about half of our cytology cases used for 
molecular testing, especially when tumor mapping is needed 
or when the smears are cellular but the cell block is sparse. 
Because the use of non-FFPE substrates has not yet been 
widely adopted, it is important to know the capabilities of the 
molecular laboratory used by one’s practice.

 Sample Preparation

The final adaptation to consider is how the potential need for 
molecular testing may impact routine sample preparation 
[1–3]. The optimal sample preparation will depend on the 
practice environment. Are resources available for immediate 
assessment? Are the proceduralists cooperative? Does the 
molecular lab process smears and liquid-based preparations? 
The strengths and weaknesses of the various preparations 
commonly used in cytology are outlined in Table 4.1 and dis-
cussed in more detail below.

Table 4.1 Strengths and weaknesses of various preparations used in 
cytopathology used for ancillary studies

IHC FISH PCR/NGS

Adequacy 
guaranteed by 
ROSE

Smear – DQ No Good Better for 
low T%

Yes

Smear – Pap Limited Limited Better for 
low T%

Yes

LBC Limited Good Good No

Cell block Good Good Good No

CNB Good Good Good No
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 Input Requirements of Testing

 IHC Studies

Although in general there is no specific cut-off for the mini-
mum number of cells necessary for IHC assays, the interpreta-
tion of some antibodies recommends that the FFPE sample 
contains at least 100 tumor cells [4]. Most immunoperoxidase 
stains perform as well on FNA cell block preparations as on 
core-needle biopsy samples, but validation may be needed, 
since there is some variation in cell block preparation method-
ologies and a recent study reported suboptimal staining with 
methanol-fixed (Cellient in PreservCyt) cell blocks [5–7].

Immunoperoxidase staining of direct smears or liquid- 
based cytology (LBC) preparations requires validation [5]. In 
our laboratory, when necessary we will use direct ethanol- 
fixed Pap-stained direct smears or cytospins for diagnostic 
immunoperoxidase stains with the understanding that an 
absence of staining must be interpreted cautiously. Negative 
stain results can be better interpreted when performed as 
part of a diagnostic panel and/or when internal positive con-
trols are present [8]. Immunoperoxidase stains on direct 
smears for prognostic/therapeutic marker testing need to be 
used with some caution as some biomarkers have shown sub-
optimal results with validation studies (e.g., BRAF V600E 
VE1 clone) [9, 10].

There are three pre-analytic requirements for using Pap- 
stained direct smears or LBCs. The first is that tumor must be 
readily identified from background normal. This can be an 
issue in some effusions with a low tumor burden and reactive 
cellular elements, and it is equally problematic in cell block 
sections. The second is that the tumor cells must be intact and 
show no air-drying artifact, as can be seen in some touch 
preparations and sometimes also in FNAs when there has 
been a delay to fixation for whatever reason. The third is that 
the slide must have been properly smeared such that tumor is 
not excessively three-dimensional, so that reagents are able 
to penetrate and wash off the sample adequately (not an 
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issue with LBCs). When using smears or LBCs of low tumor 
cellularity, it is always prudent to etch the back of the smear 
with a diamond-tipped pen to easily identify the cells of inter-
est post-staining, since there can be loss of material in the 
process of immunoperoxidase staining.

 FISH Studies

The minimum number of cells required for FISH studies 
depends on the specific assay (see Chap. 7 for more details). 
Whether the substrate is CNB, cell block, direct smear, or 
LBC, the tumor should be within an area about the size of a 
nickel (2 cm diameter) to conserve expensive reagents and the 
tumor cells need to be distinguishable from background 
benign cellular elements under fluorescent illumination. For 
FNA cell blocks and core biopsies, an H&E-stained section is 
marked to locate areas of tumor and submitted with unstained 
sections. For previously stained smears, the back of the glass 
slide is etched with a diamond-tipped pen to demarcate the 
area of interest.

DQ-stained direct smears perform as well or better than 
FFPE sections [11–13]. The advantage of DQ-stained smears 
over FFPE is the larger nuclear size as well as the presence of 
the entire nucleus. An important requirement for using 
smears is a well-prepared monolayer, since nuclear overlap 
and three-dimensional clusters obscure interpretation under 
fluorescence. For this reason, LBCs also work very well. More 
than one FISH test can be performed on a single smear 
 provided there is enough separation between the areas 
marked for testing. (A single good DQ smear should be 
adequate for both PCR/NGS and FISH tests, by scraping 
parts of the smear for PCR and then submitting the rest of 
the slide for FISH.) Pap-stained smears can be used for FISH 
assays, but in our experience, we have found them to be less 
reliable due to the difficulty in washing out all of the interfer-
ing hematoxylin, and consequently they are attempted only 
as a last resort. Unstained cytospin slides and liquid-based 
preparations are also suitable [14].
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 PCR/NGS Studies

Unlike IHC and FISH testing, in which test results are visu-
ally tied to cellular morphology, PCR/NGS is a black box in 
which the test results are divorced from morphology in the 
process of harvesting DNA. Therefore, the pre-analytic eval-
uation is crucial for reliable PCR/NGS testing.

PCR/NGS testing has two input requirements – amount of 
DNA and tumor fraction. A minimum amount of DNA is 
needed to obtain a result and a minimum tumor fraction is 
needed to detect a mutation against the background of wild- 
type signal. It is obvious when insufficient DNA is tested, 
since there is no result (uninformative). However, an insuffi-
cient tumor fraction is undetectable and can lead to false- 
negative results (misinformative) (see Fig. 4.2).

The analytic thresholds for input DNA and tumor fraction 
differ considerably, depending on the method of analysis (see 
Table 4.2), and generally follow manufacturers’ recommenda-
tions with confirmation during validation testing. The amount 
of input DNA has been shown to have some flexibility with 
adequate validation [15].

Cellularity

Tu
m

or
 fr
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tio

n

false negative
risk

Send,

but may yield
insufficient DNA

Trust
result

Minimum
tumor
fractionDo not send,Do not send,

obviously
insufficient

Minimum
number of cells

Figure 4.2 Graph of input cellularity vs. tumor fraction. Analytic 
thresholds vary considerably by assay and are validated in the 
molecular lab. Samples to the left of the blue line will result in no 
amplification (uninformative results). Samples below the red line 
will return wild-type data (potentially misinformative results)
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Therefore, a proper pre-analytic evaluation of a biopsy 
requires knowing not just which test is requested but also 
which analytic method will be used and the tumor fraction 
needs to be scrutinized and, if necessary, adjusted by tumor 
mapping. It is also important to know what substrates the 
molecular lab will accept, since the use of smears and LBCs 
requires internal validation in the molecular laboratory and 
has not yet been widely adopted.

 Input DNA

We know the minimum DNA input requirement (usually 
expressed in micrograms or nanograms), but what does that 
look like in terms of cells? A normal diploid human cell con-
tains approximately 6–7 picograms of DNA [16]. If we assume 
an extraction efficiency of roughly 15%, then 1000 cells 
should yield approximately 1  ng DNA.  What do 1000 cells 
look like on a smear or FFPE section? Surprisingly little.

A useful exercise to train one’s eye is to count cells on a 
smear using a graticule (see Fig. 4.3). Sample an area under 
high magnification (×400), and use the graticule to quickly 
estimate the number of cells in the field. Note that the same 

Table 4.2 Examples of PCR/NGS tests with analytic thresholds
DNA requirements of PCR/NGS assays

Method DNA
Total 
DNA

% 
tumor

Pyrosequencing 2 ul DNA  
(at ~5 ng/ul)

10 ng 20%

Sanger sequencing 2 ul DNA  
(at ~5 ng/ul) per exon

10 ng 
per exon

40%

Ion Torrent™ NGS 
(50 gene panel)

10 ng DNA  
(>0.85 ng/ul)

10 ng 20%

Oncomine Ion 
Proton™ NGS
(143 gene panel)

20 ng (>0.85 ng/ul) 20 ng 20%

Ion Proton™ NGS 
(409 gene panel)

30 ul (at 2 ng/ul) 60 ng 20%
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a

b

Figure 4.3 Counting cells with a graticule. Neuroendocrine tumor, 
Pap- stained smear of FNA, at 400× (a) and 40× (b) with simulated 
graticule. A quick review of a representative high power field (a) 
demonstrates approximately 20 cells per box or 240 cells in larger 
rectangle. Therefore, the corresponding low power field (b) contains 
approximately 24,000 cells (or 24 ng DNA) in the larger rectangle
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distribution of cells under low magnification (×40) will con-
tain 100-fold more cells. Of course, the goal is not to submit 
the minimum number of cells for mutational studies; how-
ever, it helps to be aware of how many cells are present, 
especially in samples of marginal cellularity or when a single 
case has to be partitioned among multiple tests.

Tumor necrosis is an interesting variable. Although the 
DNA obtained from tumor necrosis is often too degraded to 
be useful in conventional sequencing, this DNA degradation 
seems to have little effect in NGS [17]. Consequently, samples 
with insufficient viable tumor but abundant tumor necrosis 
may sometimes be adequate for NGS.

 Tumor Fraction

Tumor fraction (T%) is the percentage of tumor cells in a 
sample. The analytic threshold for T% is defined as the mini-
mum relative amount of tumor DNA that can be reliably 
detected in a background of wild-type DNA. This threshold 
is determined by the laboratory and varies by analytic sensi-
tivity of an assay. For instance, in our laboratory, the required 
tumor fraction is ≥40% for Sanger sequencing but ≥20% by 
NGS. Therefore, a sample cannot be adequately evaluated for 
molecular testing unless the assay to be used and its analytic 
thresholds are known.

Very high or very low tumor fractions are easily evaluated, 
but most samples fall between the extremes and these require 
greater scrutiny. Generally, pathologists who guesstimate at 
low power grossly overestimate tumor fraction. Figure  4.4 
illustrates this point. This case was submitted to the molecular 
laboratory as 50% tumor for EGFR Sanger sequencing. But 
to a practiced observer, this sample is guaranteed to produce 
a wild-type EGFR result and could possibly be a false- 
negative result.

Reliably estimating tumor fraction requires some self- 
training. Several inter-observer studies have shown the vari-
ability in tumor fraction assessment among pathologists [18, 
19]. A graticule is helpful. In my personal experience at our 
institution, pathologists are reasonably good at estimating 
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b

relative areas of tumor, but inexperienced pathologists fail to 
account for the difference in size of non-tumor cells or, 
 alternatively, the difference in cell densities between areas of 
tumor and non-tumor. This is especially important in cytology 
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samples, many of which originate in effusions or lymph node 
aspirations.

Two methods for estimating T% are outlined below:

 1. At low power, estimate the areas of tumor and non-tumor 
and then account for the density of cells within each area 
(at high power), and divide the percentage of tumor area 
accordingly. For example, an FNA preparation from a 
nodal metastasis of a typical lung adenocarcinoma will 
require dividing by 3 or 4. A similar sample with large 
tumor cells (see Fig.  4.5) would require a higher factor, 
whereas an effusion containing a background of mostly 
histiocytes and mesothelial cells would require a lower fac-
tor. This method works best for samples containing cohe-
sive clusters and in core biopsies with distinct areas of 
tumor and non-tumor (Fig. 4.4).

 2. For discohesive tumor on smears, or highly infiltrating 
tumor on biopsies, go to high power and estimate the num-
ber of non-tumor cells per tumor cell (Fig. 4.5).

The key points to whatever method is employed for 
 estimating tumor fraction are to be very attentive to the non- 
tumoral cell component and not to presume based on a low 
power impression. Samples with lower tumor fraction 
 obviously require more scrutiny.

Figure 4.4 Specimen submitted to the molecular laboratory with an 
overestimated tumor fraction (estimated at 50%). (a) H&E-stained 
cell block section from a pleural effusion with abundant metastatic 
lung adenocarcinoma. EGFR Sanger sequencing, which requires 
40% tumor fraction, was requested. The area occupied by tumor 
relative to the lymphoid background is around 40–50%, but con-
sider how many more lymphocytes are present in the same unit area. 
This is more obvious when using a graticule. (b) Same field with 
simulated graticule. The area occupied by tumor, when the tumor is 
of this size and in this background, can be divided by 3–4, which 
gives a rapid approximation of 10–17% tumor fraction, far below the 
analytic threshold. Not surprisingly, Sanger sequencing showed only 
wild-type EGFR
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 Tumor Mapping

Amount of input DNA and tumor fraction are independent 
variables as far as the mechanics of testing is concerned, but 
they are not independent in the pre-analytic evaluation of the 
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Figure 4.5 Ratio of non-tumor to tumor cells at high power. 
Melanoma metastatic to lymph node, EBUS-TBNA, Pap-stained 
smear, at 40× (a) and at 400× with simulated graticule (b); the NGS 
requested has a 20% tumor fraction threshold. The low power 
impression suggests adequacy for mutational analysis, but note the 
large size disparity between tumor cells and lymphocytes. At high 
power, one can quickly determine that there are more than four 
lymphocytes per melanoma cell, and therefore the tumor fraction is 
less than 20%. The sample is not adequate for the requested NGS 
testing

histologic section or cytologic preparation. Both variables 
must be considered, but tumor fraction is the more important, 
assuming a wrong answer (false negative) is worse than no 
answer. Tumor mapping is the process by which areas of rela-
tive tumor enrichment are marked for extraction (by macro−/
microdissection) and processing. Tumor mapping decreases 
the amount of DNA tested but increases the tumor fraction 
of the tested DNA (see Fig. 4.6).

In tumor mapping smears, areas of tumor enrichment are 
circled and the back of the slide is etched with a  diamond- tipped 
pen. Since the sample is spread out over a very large area, 
tumor fragments can be more cleanly mapped on smears than 
cell block sections. Consequently, the use of smears is particu-
larly advantageous in samples with inherently low tumor 
fractions. Because of parallax, it’s best to first circle the back 
of the slide before etching. (In difficult cases with small cir-
cles and high non-tumor content, this requires reviewing and 
marking the slide with the coverslip side down.) (See Fig. 4.7) 
Cell blocks can be problematic and require reviewing H&Es 
of the first and last sections to ensure integrity of the mapped 
areas. This is also true for core biopsies with low tumor 
content.

Sometimes when no alternative material is available, a 
questionably adequate sample has to be submitted for muta-
tional studies. Under these circumstances, it is best to notify 
the clinical team of the increased risk of false-negative 
results.
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 How to Handle Numerous Tests Requested 
with Limited Material?

Not infrequently, we encounter an order set that includes 
IHC, FISH, and NGS testing on FNA/CNB limited by low 
cellular yield or low tumor fraction. These limited samples 
are adequate for some but not all of the tests. In these circum-
stances, it is best to discuss the problem with the clinical team, 
to communicate what is and is not feasible, and to ask the 
clinician to prioritize tests. Since mutational information can 
lose its clinical relevance (e.g., primary tumor vs. recurrence 
post-therapy), testing of alternative archival samples should 
only be performed after consultation with the clinical team.

 Summary

An important adaptation to the molecular world for any 
cytopathology practice is developing a pre-analytic workflow 
suitable to the particulars of the practice environment. The 
competing priorities are efficiency and quality, while also 
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Figure 4.6 Tumor mapping schematic. Reliable test results are 
ensured by enhancing the tumor fraction at the expense of input 
DNA. Tumor mapping requires a clear understanding of the analytic 
thresholds of the assay to be used and a facility with evaluating cel-
lularity and tumor fractions
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minimizing the disruption to routine services. The cytopa-
thologist’s pre-analytic evaluation of the sample is essential 
for reliable test results, particularly for PCR/NGS. Although 
not technically challenging, this pre-analytic evaluation does 
require attention to detail, thoroughness, and some self- 
training. Difficult cases due to sample limitations require 
judgment and communication with the clinical team.
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Abbreviations

BRAF v-raf murine sarcoma viral oncogene homolog B
DNA Deoxyribonucleic acid
EGFR Epidermal growth factor receptor
IVD In vitro diagnostic
KIT KIT proto-oncogene receptor tyrosine kinase
KRAS Kirsten rat sarcoma viral oncogene homolog
LDT Laboratory developed tests
LOD Limit of detection
NGS Next-generation sequencing
NRAS Neuroblastoma RAS viral oncogene
PDGFRA Platelet-derived growth factor receptor A
PPA Positive percentage agreement
PPV Positive predictive value
RT-PCR Real-time polymerase chain reaction
TAT Turnaround time
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Key Terminology

DNA library  Collection of DNA fragments 
that are captured, barcoded, 
and clonally amplified, prior 
to sequencing on NGS 
platforms.

Gene panel Representative gene regions 
covered by a sequencing assay.

Laboratory developed tests Test designed, developed, and 
adapted in-house after 
validation.

Limit of detection Corresponds to the analytical 
sensitivity of a given NGS 
assay, reflecting the lowest 
amount of analyte which can 
be reliably detected.

Molecular cytopathology Discipline of cytopathology 
based on the integration of 
morphologic changes with the 
genomic alterations/molecu-
lar features underlying the 
development, progression, 
and prognosis of neoplastic 
diseases.

Next-generation sequencing High-throughput molecular 
platform that allows sequenc-
ing multiple gene sequences 
in parallel and interrogating 
various genetic alterations for 
multiple patients in a single 
run.

Personalized medicine Cancer therapy based on the 
specific molecular alterations 
of a patient’s tumor.

Pyrosequencing “sequencing by synthesis”-
based technology, in which the 
sequential incorporation of 
nucleotides is identified by the 
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detection of a released 
pyrophosphate.

Reads DNA fragments that are 
sequenced by a NGS platform 
during a run.

Real-Time PCR PCR-based assay that detects 
and quantifies in “real time” 
the amplification of a given 
DNA target using specific flu-
orescent probes.

Reference range The interval between the 
upper and lower concentra-
tions of analyte in the sample 
for which a suitable level of 
precision, accuracy, and lin-
earity has been demonstrated

Sanger sequencing Standard sequencing technol-
ogy based on the incorpora-
tion of chain-terminating 
dideoxynucleotides (usually 
fluorochrome labeled) during 
the process of sequencing by 
DNA polymerase.

Turnaround time Time required to analyze a 
sample and deliver a test 
result from when the sample is 
accessioned in the laboratory.

Validation Procedure that defines the 
performance parameters of an 
assay, such as sensitivity, speci-
ficity, accuracy, precision, 
detection limit, range, and lim-
its of quantitation of a novel 
methodology prior to clinical 
implementation.
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In the last 10 years, the landscape of Personalized Medicine 
has included the contribution of Molecular Cytopathology, in 
particular for advanced stage patients with solid tumors. 
Since these patients are not candidates for surgical resection, 
a concurrent histology specimen is not always available [1, 2]. 
Therefore, in order to be a knowledgeable partner in diagnos-
tic and predictive approaches to cancer therapy, the modern 
cytopathologist needs to be familiar with the basic principles 
and some of the more advanced molecular techniques used in 
clinical practice [3, 4].

Cytology samples (Fig.  5.1) provide high-quality DNA, 
sufficient for a wide array of DNA-based sequencing assays, 
including next-generation sequencing (NGS) [5]. This novel 
high-throughput technology represents an evolution of 
 conventional DNA sequencing methodologies, such as Sanger 
sequencing and pyrosequencing.

Key Points

• Molecular cytopathology plays a key role in clinical 
diagnostics, prognostication, and the selection of 
patients for targeted treatment

• Modern cytopathologists need to be familiar with 
molecular techniques to appropriately triage 
specimens for molecular testing

• In comparison to histologic material, cytology 
specimens often provide better-quality DNA

• Most DNA-based assays including NGS can be 
 successfully applied to cytology specimens

• In order to improve NGS laboratory workflow, it is 
important to create a gene panel to cover relevant 
hotspot targets with a defined cost

• In-house validation of each new diagnostic method-
ology implemented in routine practice is required, 
even when commercially available and validated for 
in vitro diagnostic use
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Sanger sequencing has long been the gold standard for the 
identification of point mutations, deletions, and small inser-
tions [6, 7]. In this method, a chemically modified nucleotide 
(dideoxynucleotide) terminates the extension of the DNA 
strand at the point of incorporation. This results in a mixture 
of DNA fragments of varying lengths. Each dideoxynucleo-
tide, (A, T, C, or G) is labeled with a different fluorescent dye 
(dye terminator). The newly synthesized and labeled DNA 
fragments are sequentially separated by size through capil-
lary gel electrophoresis. The fluorescence is detected by an 
automated sequence analyzer, and the order of nucleotides 
(base calling) in the target DNA is visualized as a sequence 
electropherogram [7, 8]. Although Sanger sequencing was the 
method first employed in most clinical pathology laborato-
ries, its low sensitivity (around 20% of mutant alleles) limits 
its application in low tumor content samples, in which the 
tumor often constitutes a minority of the mixed cell popula-
tion present. Thus, Sanger sequencing frequently requires 
tumor enrichment by microdissection prior to analysis to 
avoid false-negative results [9]. Although low throughput, 

Figure 5.1 Examples of different cytologic preparations commonly 
used for molecular assays: (A) cell block; (B) direct smear; 
(C) liquid- based cytology; (D) cytospin
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Sanger sequencing is a robust technology, suitable for analyz-
ing complex genomic regions featuring combined deletion 
and insertions (Table 5.1).

Pyrosequencing is another method of DNA sequencing by 
synthesis and is a valid alternative to Sanger sequencing. It 
relies on the detection of a pyrophosphate released during 
the DNA polymerase reaction with an enzymatic cascade 
resulting in the production of visible light [10]. This is con-
verted in analog signal as a peak in a pyrogram. Pyrosequencing 
provides higher sensitivity (around 5% of mutated allele) 
than Sanger sequencing, but its error rate (1.07%) is not neg-
ligible [11]. When a heterozygous mutation is identified by 
direct sequencing or by pyrosequencing, both mutant and 
wild-type alleles are seen on the sequencing electrophero-
grams and on the pyrograms, respectively [10, 11].

With the increase in the number of predictive and prog-
nostic biomarker testing needed for patient management, 
there is a growing need for high-throughput sequencing tech-
nology with the capability of evaluating multiple genes simul-
taneously. A suitable and flexible multigene testing approach 
to evaluating known somatic point mutations is by the 
Sequenom MassARRAY®. This genotyping platform is 
based on the matrix-assisted laser desorption/ionization time- 
of- flight (MALDI-TOF) mass spectrometry and can provide 

Table 5.1 Sanger sequencing: principal advantages and 
disadvantages
Advantages Disadvantages

Gold standard for single 
nucleotide polymorphisms
Robust technology featuring 
high specificity
Enables the detection of both 
common and uncommon gene 
mutations
Simple data interpretation
Suitable on FFPE samples

Single-gene testing, low- 
throughput technique
Low sensitivity (LOD 5–20% 
mutant allele)
High turnaround time
Several steps post PCR
Unincorporated fluorescent 
nucleotides may appear very 
prominent (dye blobs)
Generates false-negative results 
on low tumor fraction samples
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customized genotyping assays to analyze allele-specific 
primer extension products [12]. The basic principle underly-
ing this assay is that mutant and wild-type alleles for a given 
point mutation produce single-allele base extension reaction 
products of a mass that is specific to the sequence of the prod-
uct. Mutation calls are based on the mass differences between 
the wild-type product and the mutant products as resolved by 
MALDI-TOF mass spectrometry [12].

Compared to conventional sequencing technologies, next- 
generation sequencing (NGS) offers high analytic sensitivity 
together with a high clinical sensitivity. Analytic sensitivity 
(also known as allelic fraction) is defined as the ability of a 
mutational assay to identify an alteration in a background of 
wild-type alleles. Clinical sensitivity covers the spectrum of 
possible alterations that can be identified by any given assay 
[13]. NGS exploits a massively parallel sequencing technology, 
which increases sequencing throughput from hundreds of 
thousands to millions of sequences (reads) and enables simul-
taneous analyses of different gene targets for multiple patients 
in each run [14, 15]. The balance between analytic and clinical 
sensitivity seen in NGS, together with the minimal amounts of 
input DNA required, makes this technology ideal for applica-
tion in cytology samples. The increasing use of NGS in combi-
nation with advanced tumor sampling techniques using novel 
bronchoscopic/endoscopic approaches makes the practice of 
cytopathology an attractive field in the realm of molecular 
medicine [16, 17]. A key advantage of NGS over more tar-
geted sequencing technologies is the opportunity to evaluate 
biomarkers in novel genes of potential clinical interest, in 
addition to standard of care testing, and thereby facilitate 
enrollment of patients in clinical trials [18–20].

The principal advantages and limitations of NGS are listed 
in Table 5.2 [5, 15, 18–24].

A variety of NGS platforms are available for clinical use. 
Despite the availability of different platforms, the NGS 
 workflow is characterized by four principal steps: (1) DNA 
library generation, (2) single fragment clonal amplification, 
(3) massive parallel sequencing, and (4) data analysis [16, 21, 
25] (Fig. 5.2).
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Table 5.2 Next-generation sequencing: principal advantages and 
disadvantages
Advantages Disadvantages

Suitable on paucicellular samples
High throughput
Open and flexible technology
Analysis for multiple patients 
simultaneously in a single run
Evaluation of mutational 
assessment for prediction, 
prognostic, and clinical trials 
purposes
Wide reference range
Shorter turnaround time and 
improved laboratory cost- 
effectiveness
Choice of panel

Extensive in-house 
validation
Need of orthogonal 
techniques to validate the 
assay and refine borderline 
results
Challenges in bioinformatics 
interpretation
Validation for different 
sample preparation
Short average read lengths
Costs and reimbursement

Figure 5.2 Schematic representation of the four steps of the NGS 
workflow, including DNA library preparation, single fragment 
clonal amplification, massive parallel sequencing, and data analysis
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The DNA input required to generate the library is depen-
dent on the target gene selection. The Illumina(™) platforms 
(San Diego, CA, USA) utilize a hybridization-based capture 
system and require a DNA input ranging from 50 to 250 ng 
and 24–72 h for processing the sequencing data [22]. Recent 
advances in library preparation have enabled a reduction in 
the required input DNA, and Illumina validated protocols can 
be optimized to analyze 10–100 ng of DNA [26]. Alternatively, 
the IonTorrent platforms(™) (Life Technologies, Carlsbad, 
CA, USA) utilize an amplicon-based technology. Multiple 
primer pairs are employed to select target gene regions by 
PCR, which requires as little as 10  ng (or even less) DNA 
input and only 1–3  h to generate the sequence results [23]. 
Another NGS platform, the GeneReader NGS System(™) 
(Qiagen, Hilden, Germany), more recently became available. 
This platform requires at least 40 ng of DNA, adopts a hybrid-
ization-based library preparation methodology, and requires a 
relatively long analysis time (approximately 30 h) [27].

Clonal amplification is the second step in the NGS work-
flow. To enhance the chemical signal in the subsequent 
sequencing reaction, each single fragment of the library needs 
to be clonally expanded in hundreds of thousands of copies 
[15]. On the Illumina platform, clonal amplification takes 
place on a solid support of a flat glass microfluidic channel 
(flow cell) by the so-called bridge amplification [22], whereas 
the Ion Torrent and GeneReader platforms carry out clonal 
amplification by emulsion PCR on beads [5, 21, 27].

The third step in the NGS workflow is the massive parallel 
sequencing with generation of hundreds of thousands to mil-
lions of reads in parallel for each run [14, 27]. The differences 
among the most commonly adopted platforms are high-
lighted in Table  5.3. Despite the differences in DNA input 
requirements, the run times, read lengths, and costs per sam-
ple, the two most popular bench-top sequencing platforms 
(Illumina and Ion Torrent) produce comparable results [16].

Finally, sequencing data are analyzed by using a combi-
nation of software pipelines (Fig. 5.3) [27, 28]. This process 
requires four major steps: base calling, read alignment, 
 variant identification, and variant annotation [29, 30]. 
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Table 5.3 Difference between the commonly used NGS platforms 
in clinical laboratories

Ion Torrent 
PGM Illumina GeneReader

Input [DNA] 
ng to generate 
library

10 or less 10–100 40

DNA library 
generation

Amplicon- 
based 
system

Hybridization- 
based capture 
system

Hybridization- 
based capture 
system

Clonal 
amplification

Emulsion 
PCR

Bridge PCR Emulsion PCR

Sequencing 
signal

pH change Reversible dye 
terminators

Reversible dye 
terminators

Figure 5.3 EGFR mutation analysis by NGS. Read alignment visu-
alization of Golden Helix GenomeBrowse v.2.0.7 (Bozeman, MT, 
USA) software showing an epidermal growth factor receptor 
(EGFR) exon 19 deletion (p.E746_A750delELREA)
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The combination of informatics tools used for processing, 
aligning, and detecting variants in NGS data is commonly 
referred to as the bioinformatics pipeline. This process 
requires careful optimization at the time of validation to 
ensure that a variant call is effectively present in the 
sequence as well as continued quality control, as bioinfor-
matics is constantly evolving. The necessity of validation of 
NGS technologies prior to clinical implementation cannot 
be overemphasized. Validation includes the identification 
of positive percentage agreement (PPA) and positive pre-
dictive value (PPV), the reproducibility of variant detec-
tion, the determination of the reference range, limits of 
detection (LOD), clinical and analytical  sensitivity and 
specificity, and if appropriate, the validation of bioinfor-
matics pipelines, and other parameters [31].

NGS is a powerful and versatile technique. A variety of 
gene panels is commercially available and can be classified in 
four distinct groups, as summarized in Table 5.4 [31, 32].

The versatility of NGS lies in its ability to use custom pan-
els to improve analytical performance and laboratory cost- 
effectiveness [3, 33]. Although it is widely held that NGS is an 
expensive technique, our experience with the commercially 

Table 5.4 Examples of gene panels
Panels covering 
up to 10–15 
actionable genes

Clinically relevant genes (narrow panels), 
these panels represent a viable alternative to 
RT-PCR assays

Panels covering 
up to 50 genes

Target both actionable and potentially 
clinically relevant genes, the assessment of 
which may affect eligibility for clinical trials

Panels covering 
up to 150 genes

Extensively targeting the common and 
uncommon driver genes of specific cancer type

Panels covering 
up to 400 genes

Essentially cover most of the known cancer- 
related genes. Such panels are also used 
to assess the so-called tumor mutational 
burden which may affect eligibility for cancer 
immunotherapy
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available AmpliSeq Colon and Lung Cancer Panel, which 
covers 22 genes involved in colon and lung cancer, showed 
that the consumable cost is only €196 ($238) per sample [25]. 
Moreover, the cost per sample could be even reduced to €98 
($119) by the use of a narrow gene panel targeting 568 
 clinically relevant mutations in 6 genes (EGFR, KRAS, 
NRAS, BRAF, KIT, and PDGFRA) [33].

In summary, NGS-based assays on routine cytology 
samples have the potential to improve patient care through 
diagnostic, prognostic, and predictive biomarker assessment. 
The basic principles of NGS described in this chapter 
underscore the need of a new generation of molecular 
cytopathologists [34–36].
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Abbreviations

ALK Anaplastic lymphoma kinase or ALK receptor 
tyrosine kinase

BRAF v-Raf murine sarcoma oncogene homolog B
DNA Deoxyribonucleic acid
EGFR Epidermal growth factor receptor
IVD In vitro diagnostic
LOD Limit of detection
MET MET proto-oncogene, receptor tyrosine kinase
NGS Next-generation sequencing
NRG1 Neuregulin 1
NTRK Neurotrophic tyrosine kinase, receptor
RET Proto-oncogene tyrosine-protein kinase receptor ret
ROS1 ROS proto-oncogene 1, receptor tyrosine kinase
RNA Ribonucleic acid
RT-PCR Reverse transcription-polymerase chain reaction
TAT Turnaround time
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Key Terminology

Exome The entire set of exons within 
a genome

Gene expression Evaluation of a specific or a 
group of mRNA levels

Gene panel Representative gene regions 
covered by a sequencing assay

Limit of detection Corresponds to the analytical 
sensitivity of a given NGS 
assay, reflecting the lowest 
amount of analyte which can 
be reliably detected.

Molecular cytopathology Discipline of cytopathology 
based on the integration of 
morphologic changes with the 
genomic alterations/molecu-
lar features underlying the 
development, progression, 
and prognosis of neoplastic 
diseases

Next-generation sequencing High-throughput molecular 
platform that allows sequenc-
ing multiple gene sequences 
in parallel and interrogating 
various genetic alterations for 
multiple patients in a single 
run

Personalized medicine Cancer therapy based on the 
specific molecular alterations 
of a patient’s tumor

Reads cDNA fragments that are 
sequenced by a NGS platform 
during a run

Real-time PCR PCR-based assay that detects 
and quantifies in “real time” 
the amplification of a given 
target using specific fluores-
cent probes
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Reference range The interval between the 
upper and lower concentra-
tions of analyte in the sample 
for which a suitable level of 
precision, accuracy, and lin-
earity has been demonstrated

RNA library Collection of cDNA frag-
ments that are captured, bar-
coded, and clonally amplified, 
prior to sequencing on NGS 
platforms

Transcriptome Set of all RNA molecules 
in  one cell or in a cell 
population

Turnaround time Time required to analyze a 
sample and deliver a test 
result from when the sample is 
accessioned in the laboratory

Cytology has an expanded role in patient care through the 
application of molecular diagnostics and guiding targeted 
therapy for management of patients [1–6]. One such example 

Key Points

• Cytology specimens can be used for RNA-based 
molecular testing

• Non-formalin-fixed cytology specimens may yield 
better- quality albeit lower-quantity RNA, in com-
parison to formalin-fixed paraffin-embedded histo-
logical material

• High-throughput technologies, such as next-genera-
tion sequencing (NGS) and multiplex digital color-
coded barcode technology, have improved the scope 
of RNA-based assays and can be successfully applied 
to cytology specimens

Chapter 6. RNA-Based Assays



102

is the diagnosis of non-small cell lung cancer (NCSLC) and 
the pivotal role played by cytology in guiding targeted treat-
ment [7]. In NSCLC, predictive biomarker testing is primarily 
DNA-based molecular testing from neoplastic cells; however, 
frequently cytology samples are also used for RNA-based 
detection of actionable gene fusions [8, 9]. These are chimeric 
genes resulting from fusion of two previously independent 
genes, occurring within the same chromosome or between 
different chromosomes [4, 6, 8, 10]. In NSCLC, several gene 
fusions (e.g., ALK, ROS1, RET, and NTRK) are evaluated to 
select patients for approved treatments or for enrollment into 
preclinical and clinical trials [8]. Detection of gene fusions is 
also utilized to refine the cytologic diagnosis of indeterminate 
thyroid nodules. In particular, the detection of PAX8/PPARG 
and RET/PTC gene fusions, associated with follicular thyroid 
carcinomas (FTCs) and papillary thyroid carcinomas (PTCs), 
respectively, can improve the cytologic diagnosis of these 
entities [4]. Another important application of RNA- based 
assays is the detection of splice variants, arising out of an 
alternative splicing point that can lead to different biological 
properties [11]. Some splice variants, such as MET splicing 
variants leading to exon 14 skipping, represent a potential 
target for cancer therapy in NSCLC patients [12].

Both gene fusions and splice variants can be detected, 
using RNA extracted from cytology samples, by a wide range 
of RNA-based molecular techniques, including reverse tran-
scription-polymerase chain reaction (RT-PCR), real-time 
RT-PCR (quantitative reverse transcription-polymerase 
chain reaction [qRT-PCR]) assays, and microarrays [13]. 
More recently, high-throughput technologies such as next- 
generation sequencing (NGS) and multiplex digital color- 
coded barcode technology have improved the scope of 
RNA-based assays [14, 15]. In this chapter, we discuss the pros 
and cons of both conventional techniques and novel 
approaches of RNA-based molecular assays, with a focus on 
their application in cytology samples.
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 RNA Quality and Quantity: Pre-analytic 
Specimen Requirements

The RNA quality and quantity is strongly impacted by a 
number of pre-analytic variables, including the cytology 
specimen preparation type, the volume of tissue available, the 
specimen processing (e.g., fixation), and storage conditions [8, 
9, 16]. For instance, non-cross-linking alcoholic reagents used 
as a fixative often yield superior results because they cause 
minimal chemical change and usually provide higher-quality 
nucleic acids for molecular testing than formalin-fixed 
paraffin- embedded (FFPE) sections [17]. Further, liquid- 
based cytology (LBC), such as PreservCyt and CytoLyt 
(Hologic Inc., Marlborough, Massachusetts, USA) which are 
methanol-based, has been shown to have optimal RNA integ-
rity, suitable for nucleic acid isolation and subsequent analy-
sis by RT-PCR, whereas CytoRich Red (Thermo Fisher 
Scientific, Waltham, Massachusetts, USA) containing formal-
dehyde can cause RNA degradation and modification by 
cross-linking of cytosine residues [16, 18]. Cryopreservation 
of cells in vials containing RNAlater (Applied Biosystems/
Ambion, Dallas, TX) is considered the optimal storage 
method for maximizing RNA integrity (high-quality RNA) 
[16]. A detailed study evaluating the effect of ischemic time, 
by assessing the RNA preservation of FNA specimens 
obtained from fresh tumor resections, showed that the time 
interval from surgical resection to FNA collection should be 
kept under 6 h, while the time interval from FNA collection 
to freezing should not exceed an hour. However, the amount 
of time each sample remained frozen in liquid nitrogen did 
not impact RNA quality [19].

The initial evaluation of RNA quality and quantity is cru-
cial prior to its application in any RNA-based assay [15, 16]. 
Earlier protocols have utilized denaturing agarose gel stained 
with ethidium bromide to qualify the extracted RNA; this 
procedure allows the visualization of two bands containing 
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the ribosomal RNA (rRNA), 28S and 18S [17, 20]. The 
extracted RNA quality is considered good when the 28S 
rRNA band has an intensity that is twice that of the 18S 
rRNA band [21]. More recent procedures rely on spectro-
photometer assays; these are based on UV-light absorption 
of diluted nucleic acid samples read at 260 and 280 nm [16]. 
A linear correlation between the nucleic acid concentration 
and absorbance (A) can predict the DNA or RNA quantity 
in the solution. Pure RNA has an A260/A280 ratio of 2.1 
[16]. Currently, fluorimetric assays that utilize the binding of 
fluorescent dyes to nucleic acids to measure changes in fluo-
rescence levels represent an alternative to spectrophotomet-
ric methods [16]. Fluorescence-based quantification is more 
sensitive and accurate than spectrophotometric methods 
[16]. A recently developed approach is based on the use of 
microfluidic chambers, combining capillary electrophoresis 
with fluorescence [22]. This technology yields both quantita-
tive (concentration in ng/μl) and qualitative data (RNA 
integrity number, RIN). The RNA quality is estimated in a 
range of 1–10, with 10 being the highest quality with the least 
amount of degradation [22] (Fig.  6.1). The RIN evaluation 
strongly impacts the downstream molecular application. As 
shown in a study by Ladd et al., cytology samples scoring a 
RIN < 5 can be used in RNA-based assays requiring <250 bp 
amplicons, whereas RIN of 5–8 can allow the sample to be 
used in assays requiring up to 400  bp amplicons. Samples 
with RIN > 8, demonstrating well-preserved higher-molecular 
weight RNA, can be exploited for microarray gene expres-
sion analysis [19].

RNA extraction is typically performed using commercially 
available kits, capable of separating RNA (total or specific 
form) from DNA and protein, for an efficient reverse tran-
scription [13, 23–25]. Since cytology samples are often limited 
in cellularity, it is critical to expedite RNA extraction after 
specimen collection to minimize the ischemic time and RNA 
degradation and better preserve RNA quality by collecting 
the cytology sample in a dedicated buffer [13, 16, 23–25]. 
Genomic DNA (gDNA) elimination by an efficient deoxy-
ribonuclease step is also critical.
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 RT-PCR and qRT-PCR

Reverse transcription-polymerase chain reaction (RT-PCR) 
represents a versatile molecular technique that can be applied 
to improve the sensitivity and accuracy of cytologic diagnosis, 
as well as to predict responses to molecularly targeted drugs 
[17]. Moreover, quantitative RT-PCR (qRT- PCR) allows real-
time evaluation of gene expression in a quantitative manner 
(relative or absolute) [13, 23–25]. The qRT-PCR workflow 
analysis is characterized by three main steps:

• Reverse transcription of RNA to complementary DNA 
(cDNA)

• cDNA PCR amplification
• Data analysis

a c

b d

Figure 6.1 (a) RNA quantity and quality evaluation of a routine 
cytology sample using TapeStation 4200 microfluidic platform; (b) 
example of an RNA high-sensitivity cartridge; (c) a pool of artificial 
fragmented cDNA was used as a size and concentration ladder; (d) 
example of a pherogram showing a peak of RNA extracted from 
cytology sample
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To avoid the simultaneous amplification of residual DNA, 
RT-PCR primers have to be carefully designed. Therefore, the 
primers should be located on exon/exon junctions to reduce 
false-positive results or the overestimation of gene expression 
[26]. An adequate cDNA input, in the range of 10 pg to 1 μg 
per reaction, is needed to obtain a meaningful result. The 
cDNA is subsequently subjected to PCR amplification, by 
using primers targeting a specific gene region to evaluate the 
expression level or by annealing to a breakpoint region to 
define the presence of a specific gene fusion. Amplified prod-
ucts can then be analyzed either in real time (exponential 
phase) or after the amplification (end point), by using dedi-
cated analysis software. For an absolute quantification, the 
standard curve generated by a positive control sample at dif-
ferent known dilution points is needed [13, 23–25] (Fig. 6.2).
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Figure 6.2 (a) Example of a QuantStudio 5 instrument used for 
RT-PCR; (b) RT-PCR amplification plot from a TaqMan probe- 
based assay; (c) a standard curve generated from a positive control 
sample at different dilution points is used to obtain absolute quanti-
tative information
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In routine practice, qRT-PCR offers an alternative 
approach to detecting gene fusions in cytology specimens 
using an integrated approach, which includes immunocyto-
chemistry (ICC) and fluorescence in situ hybridization 
(FISH) [13, 23–25, 27]. For instance, RT-PCR with specific 
fusion primers for ALK rearrangements can be reliably car-
ried out using the RNA extracted from fresh pleural fluid 
samples. In fact, fresh, unfixed cells may be readily processed 
for immediate nucleic acid extraction to obtain high-integrity 
RNA and minimize RNA degradation [8]. ALK RT-PCR can 
also be applied on RNA directly extracted from archival 
cytology slides [8]. Mitiushkina et  al. and more recently 
Oktay and colleagues obtained a 100% success rate for 
assessment of ALK translocations using archival cytologic 
slides [28, 29]. In their study, Oktay et al. report a successful 
result even when the microdissection was limited to as few as 
50 cells obtained from a cancer cell-rich microscopic field, 
thereby leaving sufficient diagnostic material for the archival 
slide [28]. RT-PCR has also been successfully implemented in 
thyroid cytologic smears. Ferraz et al. demonstrated the feasi-
bility of detecting PAX8/PPARG and RET/PTC rearrange-
ments using qRT-PCR using RNA extracted from air-dried 
FNA smears [30].

While qRT-PCR enables the precise identification of the 
rearrangement variants in the samples, it can analyze only 
known variants; next-generation technologies overcome this 
limitation, allowing the identification of even novel variants.

 Next-Generation RNA Sequencing

In addition to evaluation of DNA alterations (e.g., point 
mutations, insertion/deletion), the comprehensive molecular 
assessment of cancer biomarkers also requires extended 
molecular testing for gene fusions and rearrangements [31–33]. 
NGS is a modern testing approach to detecting transcriptome 
alterations, with a broad reference range and high throughput 
that can be easily applied to the RNA extracted from routine 
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cytology samples [8, 16]. In contrast to RT-PCR, NGS offers 
an extensive cDNA analysis including evaluation start sites of 
genes, 5′ and 3′ ends, splicing patterns, and other post-tran-
scriptional modifications [34].

Different NGS platforms (e.g., Illumina or Thermo Fisher) 
can be used for RNA sequencing (Table 6.1). In general NGS 
using an Ion Torrent sequencer (Thermo Fisher Scientific, 
Waltham, MA) requires less RNA input than Illumina 
(Illumina, San Diego, CA) RNA-based sequencing. cDNA 
sequencing is analyzed by comparing “reads” sequence with 
a reference genome or a reference transcript [34].

The advantages and disadvantages of next-generation 
RNA sequencing are illustrated in Table 6.1.

The main steps of next-generation RNA sequencing are 
cDNA library preparation, template preparation, sequencing, 
and data analysis [31, 32]. Briefly, the cDNA fragments 
library is generated after the reverse transcription step; 
patient barcodes and platform adapters are attached to 
cDNA fragments ends [33–35]; each molecule is sequenced in 

Table 6.1 Next-generation RNA sequencing advantages and 
disadvantages
Advantages

  High resolution (single base)

  Analysis of complex transcriptome

  Detection of alterations in transcript regions

  Low background noise

  Large dynamic range of expression levels (ability to 
distinguish allelic expression and different isoforms)

  Low amount of RNA required

Disadvantages

  High costs

  High bioinformatics requirements for data analysis and 
interpretation
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a high-throughput manner to obtain short sequences from 
one end (single-end sequencing) or both ends (pair-end 
sequencing) depending on the NGS technology (Fig. 6.3).

During the library preparation, when the starting material 
is represented by short RNA molecules such as microRNAs 
(miRNAs), it can be directly fractioned in small fragments 
and sequenced after the barcode ligation [36, 37]. Template 
preparation and sequencing steps are subject to the same 
variables that affect DNA sequencing and are related to the 
specific NGS platform used [6, 33–35] (Table 6.2). Sequencing 
data interpretation is often challenging, especially in context of 
small RNA molecules analysis. In fact, short high-quality reads 
may be difficult to map on standard reference sequence unless 
using specific bioinformatics tools. Exon site splicing may be 
identified by the presence of GT-AG dinucleotides while 
poly(A) tails may identify the 3′ end of a sequence [31, 32]. 
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Figure 6.3 (a) Ion Torrent Personal Genome Machine (Thermo 
Fisher) used for next-generation RNA sequencing; (b) example of 
an Ion Torrent 316 loaded chip; (c) a read length histogram gener-
ated by an NGS fusion panel assay used to detect gene fusions in 
ALK, ROS1, RET, and NTRK genes was reported; (d) an example 
of ALK fusion, analyzed by using Ion Reporter Software
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However, in general for most cases, the vendor-supplied 
 bioinformatics pipeline is adequately robust and sensitive for 
routine clinical use, without the need for a stand-alone dedi-
cated bioinformatics infrastructure.

Next-generation RNA sequencing has immense potential 
in terms of sensitivity and throughput. NGS assays, based on 
small gene panels, may be designed to detect gene fusions 
with high sensitivity from scant cytology samples featuring a 
limited population of neoplastic cells. In setting of a lung car-
cinoma FNA, a sensitive NGS assay can represent a single 
assay alternative to RT-PCR or FISH assays for detection of 
ALK, RET, and ROS-1 gene fusions [6, 33–35].

Different approaches can be adopted to generate 
sequencing library from cytology samples. While Velizheva 
et al. prepared distinct DNA and RNA libraries for separate 
downstream sequencing [38], Guseva et  al. applied an 
alternative total nucleic acid extraction approach for both 
DNA-based and RNA-based applications based on a single 
smear [39]. Total nucleic acid, representing a pool of mixed 

Table 6.2 A comparison of two different NGS platforms is shown
Characteristics Ion S5 HiSeq
Input mRNA 100 ng–1 μg mRNA 

enrichment from total 
RNA Dynabeads 
mRNA DIRECT 
Micro Purification Kit

0.1–1 ug total RNA or 
10–100 ng previously 
isolated mRNA (from 
species with poly(A) 
tails)

Bench time 1 h 4.5 h

Automatization Complete (Ion Chef) Partial (liquid- 
handling robots)

Target selection Target primer Hybrid capture

Template 
preparation

Emulsion PCR Bridge amplification

Sequencing pH variation Fluorescence emission

TAT 2 days 4 days

Abbreviations: TAT turnaround time
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DNA and RNA, was extracted from smears with a minimal 
tumor content of 20%. The DNA-based application offers 
simultaneous detection of hotspot mutations in a large num-
ber of actionable or clinically relevant genes such as EGFR, 
BRAF, KRAS, NRAS, HRAS, and PIK3CA, while the RNA-
based applications allow the detection and identification of 
ALK, ROS1, and RET fusions. This combined DNA- and 
RNA- based NGS analysis is based on the innovative anchored 
multiplex PCR (AMP) library preparation that can be suc-
cessfully combined with Illumina and Ion Torrent. A mini-
mum of 5 reads with ≥3 unique sequencing start sites that 
cross the breakpoints was used as the cutoff value for strong 
evidence of fusions by Guseva et al. [39, 40].

More recently, Etheridge et al. described a modified proto-
col for preparation of small RNA libraries for NGS analysis, 
optimized for use with low-input RNA, making the RNA- 
based test ideal for scant cellularity samples [37].

 Multiplex Digital Color-Coded  
Barcode Technology

It is widely held that the gold standard technique to compre-
hensively evaluate simultaneous gene expression is still rep-
resented by microarray techniques, an approach based on 
fluorescent probes attached to solid surfaces such as glass or 
chip forming a matrix [41]. However, this technology is most 
commonly used in a research setting, while applications in 
clinical diagnostics are limited due to multiple issues related 
to spot identification, signal normalization, background sig-
nal, and the need for high-quality/high-quantity RNA.  In 
reality, RNA recovered from routine cytology and small biop-
sies samples is often unsuitable for RNA-based gene array 
methodology [16]. To overcome these limitations and to 
encourage the implementation of gene expression analysis 
assays in clinical practice, new platforms based on innovative 
technologies are emerging. In particular, the nCounter plat-
form (NanoString, Seattle, WA) based on multiplex digital 
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color-coded barcode technology represents a fascinating 
option to evaluate both gene expression and fusion/transloca-
tion detection. Moreover, the nCounter platform can yield 
quantitative information because of the direct visualization 
and digital count of nucleic acids labeled by color barcodes 
[10, 15, 27, 42].

The nCounter system is able to detect gene fusions from 
low amounts of RNA. Each target of interest is detected by a 
unique pair of capture and reporter probes, the sequences of 
which are adjacent and complementary to a particular mes-
senger RNA. The capture probe is biotinylated, whereas the 
reporter probe is linked to a digital color barcode. After this 
step, each pair of probes is hybridized in a multiplex reaction 
with the targeted messenger RNA; these complexes are then 
immobilized and elongated to allow the detection and count-
ing of specific fluorescence barcodes. This methodology 
enables the simultaneous detection of ALK, ROS1, and other 
NSCLC fusion genes (RET, NRG1, and BRAF) and MET-
skipping transcript and can be accomplished in a relatively 
short turnaround time (3 working days) (Fig. 6.4).

The main steps of nCounter workflow are:

• The RNA hybridization with probe pairs (reporter probe 
and capture probe), which are designed to be adjacent to 
one another along the target sequence of a transcript.

• Following hybridization of capture and reporter probes 
with mRNA molecules in a 1:1 ratio, a stable tripartite 
structure is formed and the excess probes are washed 
away.

• The tripartite structure is bound to the surface of the 
sample cartridge that is coated with streptavidin, and 
reporters are aligned by an electric current and immobi-
lized for data collection.

• The sample cartridge is scanned by the digital analyzer, 
and each fluorescent barcode is counted and tabulated 
according to the gene identity.

One of the advantages of applying nCounter to a routine 
clinical setting is the relative low amount of input RNA 
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required (25–250  ng of total RNA). In addition, a prior 
knowledge of fusion variants is not required for gene expres-
sion identification and the detection of gene rearrangements 
[10, 15, 27, 42]. This assay is suitable in a clinical setting, since 
the RNA can be extracted from FFPE samples as well as a 
variety of cytology specimen preparations without any sig-
nificant difference in generating results [16]. In contrast to 
NGS, nCounter sample requirements are less stringent and 
the nCounter platform is a viable option for a single tube 
assay to evaluate multiple gene fusions even when the 
extracted RNA is of poor quality and target capture amplifi-
cation fails [40].

nCounter panels include probes for six spike-in positive 
controls, eight spike-in negative controls, and probes for 
housekeeping genes. These are done to normalize samples, to 
evaluate the quality and quantity of the RNA, and to assess 
the feasibility of sample analysis [10]. Data analysis usually 
includes a two-step normalization procedure, which is based 
on the spike-in positive controls and housekeeping genes, a 
background removal based on the spike-in negative controls, 
and fusion prediction that is based on both the 30:50 ratio 
(positive, if higher than a pre-specified threshold) and fusion 
probe expressions. However, if only a high 30:50 ratio is pres-
ent, it may be indicative of a fusion transcript from a novel or 
a rare variant, which would be missed by the specific fusion 
probes. A sample that is positive for fusion-specific probes 
but negative for the 30:50 ratio may be a result of a technical 
artifact and requires further investigation [10].

nCounter fusion gene assays have been successfully 
applied on FFPE tissues [27]. In a recent study, Reguart et al. 
tested 108 FFPE tissue samples from patients with advanced 
NSCLC; 98 samples (91%) were successfully analyzed by 
nCounter, with FISH concordance rates of 87.5% and 85.9% 
for ALK and ROS1, respectively [27]. Similar results were 
reported by Lira et  al. [42, 43] and Sunami et  al. [44]. In 
another study, nCounter analysis did not reveal any ALK or 
ROS1 alterations in pure squamous cell carcinoma without 
an adenocarcinoma component [45]. Fang et al. demonstrated 
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that patient-derived xenografts can also be used to detect 
ALK rearrangements and to assess crizotinib response using 
nCounter technology [46].

Although the literature investigating the feasibility of 
NanoString system to analyze RNA from lung cytologic 
smears is very limited, the application of NanoString assays 
is feasible in lung cytology. In a methodological proof-of- 
concept study on RNA extracted from 12 archival routine 
stained cytologic smears of NSCLC processed using the 
nCounter 48 gene panel, most samples (92%) were success-
fully analyzed [15]. The sample requirements were >30% 
neoplastic cells and at least 100 or more preserved cells, and 
the RNA input in these specimens ranged from 3.24 to 
12.96 ng/μl [15]. These results are in concordance with data 
from a recent study by Ali et  al. using a novel assay, the 
RealQuant lung fusion genes kit in lung cytology samples, 
that demonstrated concordance with FISH of 97.7%, 100%, 
and 100%, for ALK, ROS1, and RET, respectively [10].

 Final Consideration

The implementation of new-generation technologies, such as 
NGS and multiplex digital color-coded barcode technology, 
allows maximizing the yield of molecular tests on small 
 routine cytology samples, through integrated analysis of 
DNA and RNA for better diagnostic and therapeutic 
strategies.

References

 1. Malapelle U, Mayo-de-Las-Casas C, Molina-Vila MA, Rosell R, 
Savic S, Bihl M, et al., Molecular Cytopathology Meeting Group. 
Consistency and reproducibility of next-generation sequencing 
and other multigene mutational assays: a worldwide ring trial 
study on quantitative cytological molecular reference specimens. 
Cancer Cytopathol. 2017;125:615–26.

Chapter 6. RNA-Based Assays



116

 2. Clark DP. Seize the opportunity: underutilization of fine-needle 
aspiration biopsy to inform targeted cancer therapy decisions. 
Cancer. 2009;117:289–97.

 3. Schmitt FC, Longatto-Filho A, Valent A, et al. Molecular tech-
niques in cytopathology practice. J Clin Pathol. 2008;61:258–67.

 4. Bellevicine C, Sgariglia R, Malapelle U, Vigliar E, Nacchio 
M, Ciancia G, et  al. Young investigator challenge: can the ion 
AmpliSeq Cancer Hotspot Panel v2 be used for next- generation 
sequencing of thyroid FNA samples? Cancer Cytopathol. 
2016;124:776–84.

 5. Aisner DL, Sams SB. The role of cytology specimens in molecu-
lar testing of solid tumors: techniques, limitations, and opportu-
nities. Diagn Cytopathol. 2012;40:511–24.

 6. Weinreb I, Bishop JA, Chiosea SI, Seethala RR, Perez-Ordonez 
B, Zhang L, et  al. Recurrent RET gene rearrangements in 
intraductal carcinomas of salivary gland. Am J Surg Pathol. 
2018;42:442–52.

 7. Dietel M, Bubendorf L, Dingemans AM, Dooms C, Elmberger 
G, García RC, et  al. Diagnostic procedures for non-small-cell 
lung cancer (NSCLC): recommendations of the European 
Expert Group. Thorax. 2016;71:177–84.

 8. Pisapia P, Lozano MD, Vigliar E, Bellevicine C, Pepe F, Malapelle 
U, Troncone G. ALK and ROS1 testing on lung cancer cytologic 
samples: perspectives. Cancer Cytopathol. 2017;125:817–30.

 9. Aisner DL, Rumery MD, Merrick DT, et al. Do more with less: 
tips and techniques for maximizing small biopsy and cytology 
specimens for molecular and ancillary testing: the University of 
Colorado experience. Arch Pathol Lab Med. 2016;140:1206–20.

 10. Alì G, Bruno R, Savino M, Giannini R, Pelliccioni S, Menghi M, 
et  al. Analysis of fusion genes by nanoString system: a role in 
lung cytology? Arch Pathol Lab Med. 2018;142:480–9.

 11. Tazi J, Bakkour N, Stamm S.  Alternative splicing and disease. 
Biochim Biophys Acta. 2009;1792:14–26.

 12. Awad MM, Oxnard GR, Jackman DM, Savukoski DO, Hall D, 
Shivdasani P, et al. MET exon 14 mutations in non-small-cell lung 
cancer are associated with advanced age and stage- dependent 
MET genomic amplification and c-met overexpression. J Clin 
Oncol. 2016;34:721–30.

 13. Fink L, Seeger W, Ermert L, Hänze J, Stahl U, Grimminger F, 
et  al. Real-time quantitative RT-PCR after laser-assisted cell 
picking. Nat Med. 1998;4:1329–33.

U. Malapelle et al.



117

 14. Malapelle U, Mayo de-Las-Casas C, Rocco D, Garzon M, Pisapia 
P, Jordana-Ariza N, et al. Development of a gene panel for next- 
generation sequencing of clinically relevant mutations in cell- 
free DNA from cancer patients. Br J Cancer. 2017;116:802–10.

 15. Sgariglia R, Pisapia P, Nacchio M, De Luca C, Pepe F, Russo 
M, et al. Multiplex digital colour-coded barcode technology on 
RNA extracted from routine cytological samples of patients 
with non-small cell lung cancer: pilot study. J Clin Pathol. 
2017;70:803–6.

 16. Bellevicine C, Malapelle U, Vigliar E, Pisapia P, Vita G, Troncone 
G. How to prepare cytological samples for molecular testing. J 
Clin Pathol. 2017;70:819–26.

 17. Bridge JA.  Reverse transcription-polymerase chain reaction 
molecular testing of cytology specimens: pre-analytic and ana-
lytic factors. Cancer. 2017;125:11–9.

 18. Dejmek A, Zendehrokh N, Tomaszewska M, Edsjö A. Preparation 
of DNA from cytological material: effects of fixation, staining, and 
mounting medium on DNA yield and quality. Cancer Cytopathol. 
2013;121:344–53.

 19. Ladd AC, O’Sullivan-Mejia E, Lea T, Perry J, Dumur CI, 
Dragoescu E, et al. Preservation of fine-needle aspiration speci-
mens for future use inRNA-based molecular testing. Cancer 
Cytopathol. 2011;119:102–10.

 20. Imbeaud S, Graudens E, Boulanger V, Barlet X, Zaborski P, 
Eveno E, et al. Towards standardization of RNA quality assess-
ment using user-independent classifiers of microcapillary elec-
trophoresis traces. Nucleic Acids Res. 2005;33:e56.

 21. Skrypina NA, Timofeeva AV, Khaspekov GL, Savochkina LP, 
Beabealashvilli RS.  Total RNA suitable for molecular biology 
analysis. J Biotechnol. 2003;105:1–9.

 22. Wilkes TM, Devonshire AS, Ellison SL, Foy CA. Evaluation of a 
novel approach for the measurement of RNA quality. BMC Res 
Notes. 2010;3:89.

 23. Zhang Y, Ni M, Liu N, Zhou Y, Chen X, Ding YB, et  al. 
Expression and function of Pdcd4 in mouse endometrium during 
early pregnancy. Reproduction. 2018. pii: REP-17-0787.

 24. Attri KS, Mehla K, Shukla SK, Singh PK.  Microscale gene 
expression analysis of tumor-associated macrophages. Sci Rep. 
2018;8:2408.

 25. Wang J, Yao A, Wang JY, Sung CC, Fink LM, Hardin JW, Hauer- 
Jensen M. cDNA cloning and sequencing, gene expression, and 

Chapter 6. RNA-Based Assays



118

immunolocalization of thrombomodulin in the Sprague-Dawley 
rat. DNA Res. 1999;6:57–62.

 26. Ruiz-Villalba A, van Pelt-Verkuil E, Gunst QD, Ruijter JM, van 
den Hoff MJ. Amplification of nonspecific products in quantita-
tive polymerase chain reactions (qPCR). Biomol Detect Quantif. 
2017;14:7–18.

 27. Reguart N, Teixidó C, Giménez-Capitán A, Paré L, Galván P, 
Viteri S, et  al. Identification of ALK, ROS1, and RET fusions 
by a multiplexed mRNA-based assay in formalin-fixed, paraffin- 
embedded samples from advanced non-small-cell lung Cancer 
patients. Clin Chem. 2017;63:751–60.

 28. Oktay MH, Adler E, Hakima L, Grunblatt E, Pieri E, Seymour 
A, et  al. The application of molecular diagnostics to stained 
cytology smears. J Mol Diagn. 2016;18:407–15.

 29. Mitiushkina NV, Iyevleva AG, Poltoratskiy AN, Ivantsov AO, 
Togo AV, Polyakov IS, et al. Detection of EGFR mutations and 
EML4-ALK rearrangements in lung adenocarcinomas using 
archived cytological slides. Cancer Cytopathol. 2013;121:370–6.

 30. Ferraz C, Rehfeld C, Krogdahl A, Precht Jensen EM, Bösenberg 
E, Narz F, et al. Detection of PAX8/PPARG and RET/PTC rear-
rangements is feasible in routine air-dried fine needle aspiration 
smears. Thyroid. 2012;22:1025–30.

 31. Jennings LJ, Arcila ME, Corless C, et  al. Guidelines for vali-
dation of next-generation sequencing-based oncology pan-
els: a joint consensus recommendation of the Association for 
Molecular Pathology and College of American Pathologists. J 
Mol Diagn. 2017;19:341–65.

 32. Clinical and Laboratory Standards Institute. Nucleic acid 
sequencing methods in diagnostic laboratory medicine; approved 
guideline. (CLSI document MM09-A2). 2nd ed. Wayne: Clinical 
and Laboratory Standards Institute; 2014.

 33. Bentley DR, Balasubramanian S, Swerdlow HP, et al. Accurate 
whole human genome sequencing using reversible terminator 
chemistry. Nature. 2008;456:53–9.

 34. Arvidsson G, Henriksson J, Sander B, Wright AP. Mixed-species 
RNAseq analysis of human lymphoma cells adhering to mouse 
stromal cells identifies a core gene set that is also differentially 
expressed in the lymph node microenvironment of mantle 
cell lymphoma and chronic lymphocytic leukemia patients. 
Haematologica. 2018;103:666–78.

 35. Hynes SO, Pang B, James JA, et al. Tissue-based next generation 
sequencing: application in a universal healthcare system. Br J 
Cancer. 2017;116:553–60.

U. Malapelle et al.



119

 36. Head SR, Komori HK, LaMere SA, Whisenant T, Van 
Nieuwerburgh F, Salomon DR, Ordoukhanian P.  Library con-
struction for next-generation sequencing: overviews and chal-
lenges. Biotechniques. 2014;56:61–4, 66, 68, passim.

 37. Etheridge A, Wang K, Baxter D, Galas D.  Preparation of 
small RNA NGS libraries from biofluids. Methods Mol Biol. 
2018;1740:163–75.

 38. Velizheva NP, Rechsteiner MP, Wong CE, Zhong Q, Rössle 
M, Bode B, et  al. Cytology smears as excellent starting mate-
rial for next-generation sequencing-based molecular testing of 
patients with adenocarcinoma of the lung. Cancer Cytopathol. 
2017;125:30–40.

 39. Guseva NV, Jaber O, Stence AA, Sompallae K, Bashir A, 
Sompallae R, et al. Simultaneous detection of single-nucleotide 
variant, deletion/insertion, and fusion in lung and thyroid car-
cinoma using cytology specimen and an RNA-based next- 
generation sequencing assay. Cancer Cytopathol. 2018;126:158–69.

 40. Troncone G.  All-in-one: the dream and reality of molecular 
cytopathology testing on routine lung cancer smears. Cancer 
Cytopathol. 2018;126:155–7.

 41. Kim MH, Seo HJ, Joung JG, Kim JH. Comprehensive evaluation 
of matrix factorization methods for the analysis of DNA micro-
array gene expression data. BMC Bioinformatics. 2011;12 Suppl 
13:S8.

 42. Lira ME, Choi YL, Lim SM, Deng S, Huang D, Ozeck M, et al. 
A single-tube multiplexed assay for detecting ALK, ROS1, and 
RET fusions in lung cancer. J Mol Diagn. 2014;16:229–43.

 43. Lira ME, Kim TM, Huang D, Deng S, Koh Y, Jang B, et  al. 
Multiplexed gene expression and fusion transcript analysis to 
detect ALK fusions in lung cancer. J Mol Diagn. 2013;15:51–61.

 44. Sunami K, Furuta K, Tsuta K, Sasada S, Izumo T, Nakaoku T, 
et  al. Multiplex diagnosis of oncogenic fusion and MET exon 
skipping by molecular counting using formalin-fixed paraf-
fin embedded lung adenocarcinoma tissues. J Thorac Oncol. 
2016;11:203–12.

 45. Zhao W, Choi YL, Song JY, Zhu Y, Xu Q, Zhang F, et al. ALK, 
ROS1 and RET rearrangements in lung squamous cell carci-
noma are very rare. Lung Cancer. 2016;94:22–7.

 46. Fang DD, Zhang B, Gu Q, Lira M, Xu Q, Sun H, et al. HIP1-ALK, 
a novel ALK fusion variant that responds to crizotinib. J Thorac 
Oncol. 2014;9:285–94.

Chapter 6. RNA-Based Assays



121© Springer Nature Switzerland AG 2019
S. Roy-Chowdhuri et al. (eds.), Molecular Diagnostics in 
Cytopathology, https://doi.org/10.1007/978-3-319-97397-5_7

Abbreviations

ABL1 ABL proto-oncogene 1
ALK Anaplastic lymphoma kinase or ALK receptor 

tyrosine kinase
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bp Basepair
BRAF v-Raf murine sarcoma viral oncogene homolog B
CCND1 Cyclin D1
DAPI 4′,6-diamidino-2-phenylindole
EDTA Ethylenediaminetetraacetic acid
EML4 Echinoderm microtubule-associated protein-like 

4
ERBB2 Erb-b2 receptor tyrosine kinase 2 (HER2)
ERG ERG, ETS transcription factor
ETV6 ETS variant 6
EWSR1 Ewing sarcoma breakpoint region 1
FFPE Formalin fixed paraffin embedded
FISH Fluorescence in situ hybridization
FNA Fine-needle aspirate
HER2 Human epidermal growth factor receptor 2 

(ERBB2)
IGH Immunoglobulin heavy chain
ISH In situ hybridization
Kb Kilobase
KMT2A Lysine methyltransferase 2A
LBC Liquid-based cytology
Mb Megabase
MLL Mixed-lineage leukemia
MYC v-myc avian myelocytomatosis viral oncogene 

homolog
MYCN v-myc myelocytomatosis viral oncogene homolog, 

neuroblastoma-derived
Pap Papanicolaou
PML Promyelocytic leukemia
RARA Retinoic acid receptor alpha
ROS1 ROS proto-oncogene 1, receptor tyrosine kinase
RT-PCR Reverse transcription-polymerase chain reaction
RUNX1 Runt-related transcription factor 1
SS18 Synovial sarcoma translocation chromosome 18
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Key Terminology

Aneuploidy An abnormal number 
of chromosomes in a 
cell (e.g., monosomy, 
trisomy, tetrasomy, etc.)

Bacterial artificial chromosome A construct or vector 
used for cloning seg-
ments of DNA with a 
typical size of approxi-
mately 150–350 Kb

Chromosomal rearrangements General term that 
encompasses chromo-
somal translocations, 
inversions, and 
insertions

Cutoff The threshold above 
which a result is consid-
ered positive and below 
which a result is consid-
ered negative

Interphase A phase of the cell 
cycle in which chroma-
tin is decondensed; con-
trast to metaphase in 
which chromatin is con-
densed and individual 
chromosomes can be 
visualized

Locus The position of a gene or 
other specific sequences 
in a chromosome

Polyploidy The presence of more 
than two sets of homol-
ogous chromosomes 

Chapter 7. FISH Testing of Cytology 



124

within a cell (triploidy, 
tetraploidy, etc.)

Polysomy The condition in which 
there may be three or 
more copies of the 
chromosome rather 
than the expected two 
copies

Signal scoring The process of enumer-
ating or evaluating 
probe signals within a 
nucleus and sometimes 
determining relative 
position of probe sig-
nals with respect to 
each other

Touch preparation (touch imprint) Cytologic preparation 
where cells are trans-
ferred onto a glass slide 
by touching the histo-
logic tissue directly to 
the slide

Key Points

• FISH results should be interpreted in the context of 
clinical presentation, cytopathology, differential diag-
nosis, and other ancillary tests

• Pre-analytic variables including type of cytologic 
preparation, fixative, prior staining, and length of and 
time to fixation can impact FISH results

• Validation of laboratory-developed FISH assays is 
specific for each probe and specimen type

• Both the FISH slide processing and scoring are ame-
nable to automation, but automated signal scoring 
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Fluorescence in situ hybridization (FISH) is a technique 
that is well suited for detecting many types of genomic abnor-
malities in cytology specimens. FISH involves hybridization 
of fluorescently labeled nucleic acid sequences (probes) to 
complementary nucleic acid sequences (targets) which are 
typically in the form of metaphase chromosomes obtained 
from cultured, dividing cells or decondensed chromosomes 
within interphase nuclei of nondividing cells. Although FISH 
probes and targets can consist of RNA, this chapter will refer 
specifically to DNA probes and targets. FISH allows visual-
ization of the physical location of the probe(s) to their 
target(s) and can be used to interrogate specific areas of the 
genome. Whole-chromosome loss or deletions of chromo-
somal loci may correlate with loss of function of specific 
tumor suppressor genes. In contrast, whole-chromosome 
gains or amplification of regions within chromosomes may 
correspond to gain of function of given oncogenes. 
Chromosomal rearrangements that result in fusion of two 
genes, or juxtapositioning of a gene and a regulatory element, 
can be responsible for novel gene function or gain of func-
tion. The technical approach of FISH can be engaged to 
detect all of these types of genetic abnormalities.

Knowledge of probe design is necessary for optimal probe 
choice, analysis, and interpretation of results (Fig.  7.1). 
Enumeration probes are used to detect genomic gains and 
losses. Centromere probes, which are composed of alpha 

still requires confirmation by an individual experi-
enced in interpretation of FISH results and familiar-
ity with cytomorphology

• Interpretation of FISH results requires knowledge of 
probe design, tumor biology and morphology, the 
spectrum of genetic alterations in different types of 
neoplasia, and limitations of the technique

Chapter 7. FISH Testing of Cytology 
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a

b

c

 satellite DNA (tandemly repeated, 171 bp noncoding blocks 
of DNA), or locus−/gene-specific (unique sequence) probes 
are commonly used for the assessment of corresponding copy 
number. Centromere probes are typically the preferred 
choice for enumerating whole-chromosome aneuploidies, 
while locus−/gene-specific probes can be used to detect loss 
or gain/amplification of a region of interest. For assessment of 
the latter, a differentially labeled centromere probe or a dis-
tinct locus-specific probe located at a distance or on the 
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Figure 7.1 Schematic representations (left) and corresponding 
cytological FISH images (right) illustrating different probe strate-
gies and the abnormalities detected by each. (a) Enumeration probe 
set consisting of a locus-specific probe (red) and a centromere-spe-
cific probe (green) on the same chromosome. This probe set can 
detect aneuploidies, deletions, duplications, and amplifications. The 
normal diploid state (two green, two red) is on the left, and arrows 
indicate abnormalities consisting of (from top to bottom) mono-
somy (one green, one red), deletion (two green, one red), trisomy or 
triploidy (three green, three red), and amplification (two green, 
multiple red). (b) Dual fusion probe strategy consisting of two dif-
ferentially labeled, locus-specific probes that span the genes involved 
in a fusion event. When a balanced rearrangement (translocation or 
inversion) occurs, there is a break within each probe (dashed lines) 
and a rearrangement that results in reciprocal juxtaposition of red 
and green signals to create dual fusion (yellow) signals. (c) Break- 
apart probe strategy consisting of two differentially labeled probes 
that flank the breakpoint (dashed lines) of one of the gene partners 
involved in a fusion. In the normal state, there are two juxtaposed 
red/green (yellow) signals. When a rearrangement (e.g. transloca-
tion) occurs, the break-apart probe is split into separate red and 
green signals

opposite chromosomal arm from the locus of interest is often 
concurrently employed as a copy number control for ploidy 
level or ratio calculations. Dual color, break-apart probes are 
locus-specific probes that flank a gene breakpoint region of 
interest and are designed to detect a rearrangement based on 
physical separation of the two probes that are labeled with 
distinct fluorophores. Break-apart probes are optimal for 
assessing rearrangements of a gene that could have more 
than one translocation partner, such as MLL (KMT2A). In 
contrast, fusion probes are composed of two independent 
fluorophore-labeled DNA probes that span both rearranged 
gene loci of a specific fusion gene event, allowing for its 
detection. Fusion probes are most frequently employed when 
fusions involve consistent gene partners, such as BCR/ABL1 
but may also be of value in identifying or characterizing less 
common variants as well. The advantage of dual fusion 
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probes is the greater sensitivity and specificity they provide 
compared to break-apart probes [1]. In addition to dual 
fusion probes, other less common probe strategies exist for 
detecting gene fusions (e.g., Vysis ETV6/RUNX1 ES probe, 
Abbott Laboratories, Abbott Park, IL).

An appreciation for the limitation of resolution of FISH is 
also necessary to determine if it is an appropriate technique to 
use in a given setting or if another technique is warranted. The 
majority of probes currently used for FISH are in the order of 
approximately 100–300 Kb in size. Due to probe size and other 
technical factors, deletions below approximately 50–100 Kb 
and duplications below approximately 200–300 Kb are difficult 
to detect in interphase nuclei by FISH. Small inversions cannot 
be identified using a break-apart probe if the separation is not 
large enough to visualize two distinct signals.

Although extracted nucleic acid (DNA and RNA)-based 
assays are also used to detect genetic abnormalities, an 
advantage of FISH is the ability to visualize results within 
individual cells, allowing for correlation of results with cellu-
lar morphology and distinct cell populations. DNA- and 
RNA-based assays, in contrast, are performed on nucleic 
acids that are extracted from a mixture of neoplastic and non-
neoplastic cells, resulting in dilution of the target(s) of inter-
est and an inability to correlate results with individual cells. 
On the other hand, DNA- and RNA-based assays can some-
times identify abnormalities that are below the size resolu-
tion of FISH or the analytical sensitivity. For example, the 
high analytic sensitivity of RT-PCR or quantitative RT-PCR 
procedures for the detection of fusion mRNA transcripts 
(one tumor cell in 104–105 total mononuclear cells) or next- 
generation sequencing may be preferable depending on the 
clinical question and available specimen [2, 3]. As with any 
technique, there are a number of pre-analytic, analytic, and 
post-analytic considerations that are crucial not only for the 
success of probe hybridization but also proper interpretation 
of FISH results. Most of the concepts and principles pre-
sented in this chapter are also applicable to bright-field in situ 
hybridization techniques, although there are some differences 
that are not addressed.
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 Pre-analytic FISH Considerations

 Types of Cytologic Preparations for FISH

A wide range of cytologic preparations have been used for 
FISH, including touch preparations, unstained cytologic 
smears, archival stained cytology slides, cytospin preparations, 
liquid-based cytologic preparations, and formalin or alcohol- 
fixed, paraffin-embedded cell blocks [4, 5]. Inherent advan-
tages and limitations exist among each preparation type 
(Table 7.1).For paraffin-embedded cell block material, FISH 
studies are typically performed on 4–5 μm sections. Sectioning 
can result in artifactual loss of probe signal due to nuclear 
truncation. An advantage of touch preparations, smears, cyto-
spins, and liquid-based cytologic preparations over paraffin- 
embedded cell blocks is that nuclear truncation due to 
sectioning is not an issue. For paraffin blocks, the problem of 
nuclear truncation from sectioning can be alleviated by 
extraction of whole nuclei from thick sections, cores, or 
microdissected material; however, the trade-off is that tissue 
architecture is not maintained. Extracted nuclei and other 
cytologic preparations are not suitable for FISH tests that 
require intact tissue architecture, such as HER2 (ERBB2) 
amplification status in primary breast cancer, in which scor-
ing should be limited to invasive tumor [6]. This limitation is 
not an issue for cytology samples of metastatic tumors includ-
ing metastatic breast carcinoma. Another drawback of some 
preparations for FISH is the presence of a significant number 
of overlapping nuclei. Scoring of overlapping nuclei is not 
recommended, as their inclusion may cause erroneous signal 
interpretation. Overlapping nuclei, which can be problematic 
in paraffin-embedded sections, smears, cytospins, and touch 
preparations, are much less of an issue in liquid-based 
cytologic preparations. Touch preparations can only be made 
from intact tissue, such as a resection or needle biopsy. Given 
the limitations of each technique, it can be beneficial for labo-
ratories to validate FISH in more than one type of 
preparation.
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Table 7.1 Advantages and disadvantages of different cytologic 
preparations for FISH
Preparation 
type Advantages Disadvantages
Touch 
preparation

No nuclear truncation 
artifact
Less processing time 
than FFPE, cytospins, 
liquid-based cytology

Requires intact tissue
Low-cellularity 
specimens with 
abundant fibrous stroma 
may result in sparsely 
cellular slides
Overlapping nuclei can 
cause difficulty scoring 
signal
Nuclear distortion due 
to crushing during slide 
preparation
May experience 
autofluorescent 
background that 
obscures signals

FFPE cell 
block

Allows for correlation 
with adjacent H&E- or 
IHC-stained section
Preservation of 
morphology and 
partial tissue 
architecture
Cell blocks made 
from aspirates may 
be enriched for tumor 
cells

Probe signal loss due to 
nuclear truncation from 
sectioning
Overlapping nuclei can 
cause difficulty scoring 
signals
May have 
autofluorescent 
background that 
obscures signals
May have inadequate 
tumor cellularity
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Table 7.1 (continued)
Preparation 
type Advantages Disadvantages

Cytology 
smear

No nuclear truncation 
artifact
Previously stained 
slides can be used
Only technique that 
allows rapid on-site 
determination of 
specimen adequacy at 
time of procedure
Smears made from 
aspirates may be 
enriched in tumor cells

Overlapping nuclei can 
cause difficulty scoring 
signals
Nuclear distortion due 
to crushing during slide 
preparation
May have 
autofluorescent 
background that 
obscures signals

Cytospin No nuclear truncation 
artifact
Cytospins made from 
aspirates may be 
enriched for tumor 
cells
Cells are concentrated 
in a smaller area

Overlapping nuclei can 
cause difficulty scoring 
signals
May have inadequate 
cellularity

Liquid-based 
cytology

No nuclear truncation 
artifact
Thin, monolayer 
preparation minimizing 
nuclear overlap
Less background than 
other preparations
Less hands-on time 
than many other 
preparations
Cells are concentrated 
in a smaller area

More expensive 
than other cytologic 
preparations
Special instrumentation 
needed for slide 
preparation
May have inadequate 
cellularity
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Multiple studies that have assessed the performance of 
FISH on cytologic preparations have shown variable results. 
There are dozens of specimen and FISH processing variables 
between laboratories that could be responsible for differ-
ences in FISH success, even on the same type of cytologic 
preparation. Monaco et al. evaluated FISH on cases of B-cell 
non-Hodgkin lymphoma using unstained, air-dried smears 
made from fine-needle aspirates (FNAs) [7]. Out of 106 cases, 
a positive or negative FISH result was obtained in 93 cases 
(87.7%), while 13 cases (12%) yielded an indeterminate 
result, and only 2 cases (1.9%) failed hybridization. Bozzetti 
et  al. performed FISH for ALK and ROS1 rearrangements 
on either fresh unstained, air-dried smears or stained smears 
[8]. ALK FISH was successful in 49 out of 55 cases (89%), 
although 5 out of 14 destained smears either lacked hybrid-
ization or presented difficulties with signal visualization due 
to background fluorescence. The background fluorescence 
was attributed to a “high hematic component” that was not 
present in the unstained smears which were fixed in Carnoy’s 
solution prior to FISH. ROS1 FISH was successful in all 12 of 
their cases that were attempted (eight fresh smears and four 
destained smears). Bravaccini and coworkers experienced 
ALK FISH failure in 19 out of 72 cases (26%) from prospec-
tively collected cytologic smears of transbronchial aspirates 
that were fixed using Cytofix and PAP-stained [9]. The major-
ity of their failed cases were attributed to sample inadequacy 
or overlapping cells and not hybridization failure, which 
emphasizes the need for proper preparation of smears by 
trained personnel.

Other studies have evaluated archival smears for FISH 
suitability. Bentz and coworkers performed FISH for the 
t(11;14), which results in juxtaposition of CCND1 with IGH 
and overexpression of CCND1, in ten cases of mantle cell 
lymphoma using archival cytology slides that had been 
stained with either Papanicolaou (PAP) or Diff-Quik stain 
[10]. All ten cases were positive for the translocation. 
Richmond et al. observed a 15% FISH failure rate in archival 
PAP-stained cytology slides from 60 cases of non-Hodgkin 
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lymphoma or reactive lymphoid tissue using a dual fusion 
probe that identifies BCL2/IGH rearrangements [11]. This 
decreased success rate may be due to the Pap stain, as others 
have found that Pap-stained compared to Diff-Quik-stained 
smears demonstrate DNA degradation as a function of time 
[12]. Betz et al. compared FISH for ALK rearrangements in 
paraffin-embedded cell blocks vs. archival Diff-Quik-stained 
smears prepared from the same 32 cases of metastatic lung 
carcinoma [13]. Results were obtained in all 32 cases and 
concordance was observed in all but one case. The single dis-
cordant case was positive for an ALK rearrangement in the 
destained smear but negative in the cell block. RT-PCR per-
formed on the cell block of this case confirmed the presence 
of an EML4/ALK fusion transcript. Zito-Marino et al. have 
summarized results from several published studies of FISH 
for ALK rearrangements performed on conventional smears 
and cell blocks [14].

FISH studies can also be performed on the same slides 
following immunocytochemical staining provided diamino-
benzidine, which results in nuclear autofluorescence, has not 
been used as a chromogen [5]. An advantage of performing 
FISH on previously stained cytologic preparations is that the 
same cells can be sequentially evaluated with the use of an 
automated platform (see FISH slide analysis and scoring 
under Analytic FISH Considerations).

Cytospin preparations made from a number of different 
specimen types have been shown to be suitable for FISH. A 
retrospective review of FISH performed on cytospin prepa-
rations from 298 non-Hodgkin lymphoma FNAs at one insti-
tution demonstrated a success rate of 95.3% [15]. In another 
study, FISH analysis for the presence of BCR/ABL1 or 
PML/RARA fusions was successful on all 24 cytospins pre-
pared from bone marrow or peripheral blood [16]. Moreover, 
a FISH result was obtained in 12 h for all 24 cytospin prepa-
rations, compared to an average of 4  days for interphase 
FISH on cultured cells. Zellweger et  al. successfully used 
FISH on cytospins from voided urine to assist in predicting 
recurrence of bladder cancer in large series of patients [17]. 

Chapter 7. FISH Testing of Cytology 



134

Cytospins prepared from brushings of resected or biopsied 
central nervous system tumors have also been used for 
1p/19q FISH [18]. This technique avoided the impediment of 
signal scoring from truncated, overlapping nuclei in forma-
lin-fixed, paraffin- embedded (FFPE) sections. The authors 
compared FISH on the cytospins to FISH on FFPE sections 
from the same tumors. FISH was successful in all but two of 
the cytospins which failed due to low cellularity. In contrast, 
FISH failed in four of the FFPE cases because of weak sig-
nals. This brush cytology/cytospin technique may be useful as 
an alternative to touch preparations made from friable tissue 
that tends to result in unacceptable cell clumping. For 
tumors that are extremely fibrous or contain bone, another 
alternative to touch preparations that we have used is to 
gently scrape the surface of the specimen with a scalpel and 
then smear the scraped cells onto a slide or resuspend them 
in fixative for a cytospin preparation.

Liquid-based cytology (LBC) has been widely adopted for 
the collection and preparation of both gynecologic and non- 
gynecologic cytology samples. Many studies have demonstrated 
that LBC provides a reliable and reproducible source material 
for a number of ancillary tests, including CISH [19]. For exam-
ple, SS18 and EWSR1 chromogenic ISH on LBC samples was 
sensitive and specific for detection of the appropriate gene 
rearrangement in ten cases of synovial sarcoma and in nine 
cases of Ewing sarcoma [20]. In another study, ALK FISH was 
successful in 99.1% (228 out of 230) of non-small cell lung can-
cer ThinPrep samples obtained from FNA, bronchial brush, 
pleural fluid, pericardial fluid, or peritoneal fluid [21].

 Cytology Fixatives and FISH

While formalin fixation is standard for tissues, alcohol fixa-
tives are often used for cytologic preparations. A number of 
studies in the previous section demonstrated that alcohol- 
fixed and various LBC-fixed cytology specimen types are 
compatible with FISH.  One study that directly compared 
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alcohol-fixed cell blocks, formalin-fixed cell blocks, and 
FFPE tissue specimens for the detection of ALK gene rear-
rangements by FISH showed hybridization success rates of 
100% of 34 alcohol-fixed cell blocks, 82% of 22 formalin- 
fixed cell blocks, and 96.6% of 58 FFPE tissues [22]. The 
FISH failures in this study were attributed to insufficient 
tumor cell numbers, and not the type of fixative. Abati et al. 
obtained probe signals of equivalent quality using cytology 
specimens fixed by a variety of methods including 95% etha-
nol, methanol, and Carnoy’s solution [23]. They also did not 
observe any difference in probe signals or specimen adhesion 
on positively charged vs. non-charged slides, although charged 
slides are often necessary for adhesion of paraffin-embedded 
sections or cells. Fixatives containing acidic components 
(Bouin’s, Davidson’s AFA) have been shown to yield subop-
timal FISH/ISH results, as have decalcification solutions 
containing strong acidic components [24–28]. Multiple stud-
ies have demonstrated that EDTA decalcification is superior 
to acid decalcification for FISH [24, 26–28]; however, there is 
some evidence that 5% or even 10% formic acid decalcifica-
tion can yield successful FISH results in trephine biopsies if 
incubation periods are short [26, 27]. The advantage of formic 
acid decalcification is that it is faster than EDTA.

 Length of Fixation and Time to Fixation

HER2 FISH/ISH guidelines in breast and gastric cancer 
stipulate that specimens should ideally be placed in fixative 
within 1  h of collection and fixed for 6–72  h [6, 29]. Babic 
et al. demonstrated that underfixation in formalin-based fixa-
tives resulted in weak FISH/ISH signals, while overfixation 
was not as problematic [25]. Another study also showed that 
prolonged formalin fixation did not adversely impact FISH 
results, but a delay of 6  h to fixation did have a negative 
impact on FISH results [30]. Khoury et al. performed a delay 
to fixation study on HER2 ISH in invasive breast cancer and 
found that while there was no statistically significant effect on 
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HER2/centromere17 ratio even after an 8-h delay to fixation, 
there was a statistically significant trend in signal loss after a 
1-h delay [31]. In addition, artifacts such as nuclear bubbling 
and background began to appear after 30-min to 1-h delay in 
fixation, which could lead to difficulties with signal scoring. 
Portier et al. also found that delay to fixation of up to 3 h did 
not have a deleterious effect on HER2 ISH results [32]. 
However, in contrast to the study by Khoury et al., they did 
not see degradation of signal intensity with up to a 3-h delay 
to fixation. After 3 h, FISH, but not bright-field ISH, showed 
a degradation of signal intensity.

 Analytic FISH Considerations

Cytology specimens are advantageous for FISH because 
results can be obtained with as few as 50 or even 20 tumor 
nuclei in some clinical settings, such as HER2 status in breast 
or gastroesophageal carcinoma [6, 29]. In contrast to molecu-
lar techniques that require extracted DNA, FISH is not nec-
essarily limited by a minimum percentage of tumor cells 
within a background of non-neoplastic cells, as long as a suf-
ficient number of tumor nuclei can be identified and scored. 
When a specific cell type needs to be distinguished for analy-
sis, FISH testing performed in a cytogenetics laboratory 
should engage a pathologist for confirmation of appropriate 
cell selection, ideally with the pathologist visualizing the find-
ings at the fluorescent microscope or on a fully digitalized 
scanned slide preparation [29, 33, 34].

 Processing Cytology Slides for FISH

The processing steps involved in FISH include slide pretreat-
ment, denaturation of probe and slide to obtain single- 
stranded DNA, hybridization, post-hybridization washes, 
nuclear DNA counterstaining, slide examination, and nuclear 
signal scoring.
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Slide pretreatment is necessary for preparing the cells for 
probe penetration and efficient hybridization (Fig.  7.2). 
Unfixed preparations such as touch preparations, smears, or 
cytospins should be fixed prior to hybridization to prevent 
cells from detaching from the slide and to preserve nuclear 
morphology. Typical fixation for FISH involves incubation in 
3:1 methanol/acetic acid for 10–20 min followed by air-drying. 
Slide baking prior to processing can improve adherence to the 
slide and nuclear morphology; however, excessive baking can 
also decrease hybridization efficiency [35]. Slide pretreatment 

Determine optimal preparation
based on specimen received and

question to be answered

Touch preparations or
smears

Fix in 3:1 methanol:acetic
acidx 10 min and air dry

Dehydrate and air-dry

Protease treat

Post-fix in 1% formaldehyde

Dehydrate and air-dry

2xSSC at 37°C for 30 min

Dehydrate and air-dry

Dehydrate and air-dry

Post-fix in 1% formaldehyde

Protease treat

2xSSC at 37°C for ~ 30 min

Bake at 90°C for 5 min

Cytospins, *LBC

Fix in 3:1 methanol:acetic
acidx10 min and air dry

Paraffin-embedded cell
blocks

Cut 4-6 uM sections onto
charged glass slides

Bake slides (56°C overnight
or 90° for two hours)

Deparaffinize slides in
xylene substitute,
dehydrate, air-dry

Treat with 0.2 N HCI

Treat with sodium
thiocyanate

Protease treat

Post-fix in neutral buffered
formalin

Rinse in 2xSSC, dry on 45°C slide warmer

Rinse in 2xSSC, dry on 45°C slide warmer

Rinse in H2O and 2xSSC

Rinse in H2O and 2xSSC

*Start at 2xSSC

1xPBS rinse

1xPBS rinse1xPBS rinse

1xPBS rinse

Figure 7.2 Flowchart summarizing slide treatment for FISH for dif-
ferent cytologic preparations. LBC liquid-based cytology, HCl 
hydrochloric acid, N normal, PBS phosphate-buffered saline, SSC 
saline sodium citrate
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steps may also include deparaffinization for paraffin- 
embedded sections, treatment with sodium thiocyanate or 
other pretreatment solutions to reduce cross-linking due to 
fixation, and protease digestion to facilitate probe entry into 
cells and reduce autofluorescence. Specimen type and cell 
density, length of fixation, type of fixative, and specimen age 
are all variables that may require different slide pretreatment 
conditions, particularly variation in the concentration and/or 
length of protease digestion.

The probes and slide can be denatured separately or co- 
denatured. Separate denaturation tends to preserve morphol-
ogy better and yields less diffuse probe signals, but 
co-denaturation is much more efficient. Hybridization and 
post-hybridization wash time and temperature can be varied 
depending on the type of probe, which can influence probe 
signal intensity and amount of background. For example, 
centromeric alpha satellite probes hybridize more quickly 
than locus-specific probes, but they have more of a propensity 
to cross hybridize to homologous alpha satellite sequences at 
other centromeres. All steps for laboratory-developed FISH 
tests require optimization, an empirical process in which one 
condition is varied, while others are held constant [33]. 
Optimization should be carried out prior to test validation.

 FISH Test Validation

For US laboratories using FDA-approved probes, all steps of 
the procedure, including signal scoring and interpretation, 
should be followed according to manufacturer specifications. 
Any deviation from the manufacturer-approved package 
insert for an FDA-approved FISH test, as well as any laboratory- 
developed FISH test, requires validation. Not only does each 
different probe or probe set require a separate validation, but 
also the same probes applied to different specimen types (e.g., 
FFPE vs. direct smears) require their own validation [36].

Validation of laboratory-developed FISH tests entails 
 confirmation of probe localization, determination of probe 
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sensitivity and specificity, and establishment of normal cutoff 
values. Detailed description of these processes is beyond the 
scope of this document and can be found elsewhere [33]; 
however, a few points are worth noting. A limitation of inter-
phase FISH testing is that for most probes, technical artifacts 
can cause a low percentage of cells to have the abnormal 
signal pattern in question. As a consequence, cutoffs (i.e., the 
percentage of nuclei with an abnormal signal pattern that are 
required to determine when a specimen is a true positive for 
the abnormality in question) need to be determined for each 
individual probe. A common method for determining the 
normal cutoff for a given probe is to score a specified number 
of known normal controls, determine how often the abnor-
mal signal pattern is observed, and then apply a statistical test 
to account for variation between scorers, runs, etc. [33].The 
normal control tissue should be comprised of cells that mimic 
as closely as possible the size of tumor nuclei that will be 
evaluated by FISH. For example, tonsil or thymus could be 
used as normal controls for small blue round cell tumors. As 
mentioned previously, different specimen preparations and 
changes in other FISH variables require separate validation. 
It should also be kept in mind that for FFPE FISH, different 
cutoffs would need to be determined for different section 
thicknesses, particularly when enumeration FISH probes are 
employed. A 4 μm section will lead to increased nuclear trun-
cation artifact compared to a 6 μm section. Therefore, once a 
cutoff is determined for a given section thickness, either that 
thickness should be used for all testing, or separate cutoffs 
need to be determined.

 FISH Slide Analysis and Scoring

Analysis of the hybridized slide should occur in a manner in 
which scoring of signals from tumor nuclei can be confirmed 
whenever possible. Evaluation of an adjacent stained slide to 
confirm scoring of tumor nuclei is more easily accomplished 
with certain types of preparations compared to others. 
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For example, an adjacent H&E stained section from an FFPE 
cell block may be more representative of the hybridized slide 
than an independently stained smear or touch preparation 
slide. However, an adjacent touch preparation slide can 
sometimes be stained with a conventional cytology stain to 
document presence and abundance of tumor cells. In speci-
mens with a low tumor fraction, it may be difficult to differ-
entiate benign from malignant cells on the DAPI-counterstained 
FISH slide which does not provide good nuclear morphology. 
Automated platforms are available that allow identification 
of target cells of interest by conventional staining or immuno-
cytochemistry and then analysis of the same cells after subse-
quent probe hybridization. Briefly, images of stained cells are 
captured, subsequently subjected to FISH, and then target 
cells of interest are relocated by virtue of software that is 
coupled with an automated stage [5, 22].

Individuals involved in signal scoring should understand 
the FISH probe design, the precise mapped location of the 
probe(s), probe behavior, and normal, classic abnormal, and 
any variant abnormal signal patterns. Only nuclei with inter-
nal control signal(s) should be scored. Controls may consist 
of the same target locus on the homologous chromosome. For 
example, an MLL break-apart probe could be deleted on one 
chromosome 11. However, nuclei with a deletion should still 
consistently demonstrate an MLL signal from the other chro-
mosome 11 homolog. Controls may also consist of a centro-
mere probe or a probe for another locus on the same 
chromosome as the target locus. Including more than one 
control probe, such as a centromeric probe from a chromo-
some other than the chromosome of interest, might also be 
useful for a sense of the ploidy status.

For manual scoring, two individuals validated on the spe-
cific probes being used should score without knowledge of 
each other’s result. Criteria should be established for a third 
scorer in the event of a discrepant result. If the FISH test is for 
disease monitoring, scorers should have knowledge of the 
abnormal signal pattern established in prior testing. The number 
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of nuclei scored should be the same as the number used to 
establish cutoffs during validation.

 FISH Automation

Many of the steps involved in FISH testing are amenable to 
automation, depending on the test volume and workflow of a 
laboratory. Automation for both slide processing (Table 7.2) 
and slide analysis (Table 7.3) is available. Some of the benefits 
of automated slide processing systems include increased 
throughput, standardization of protocols which decreases 
variability between technologists, and decreased hands-on 
technologist time [37]. Many of these platforms have an 
open-access probe step so that a laboratory can process cases 
for multiple different probe sets simultaneously. A potential 
drawback includes the need for a backup or redundant sys-
tem or method in case the instrument breaks down. Moreover, 
occasional cases may require greater flexibility in the param-
eters of the pretreatment steps that can be afforded more 
readily through manual processing.

Automated slide scanners and readers that can aid in the 
scoring of FISH signals are also available. Manual scoring of 
FISH slides is labor-intensive, with slides typically being 
scored by two technologists followed by doctoral-level review 
and confirmation. Manual scoring introduces inter-reader 
variability, and there may be challenges in reviewing the spe-
cific cells that were scored. Automated systems require strict 
validation or verification and sometimes integration with 
preexisting laboratory information systems. After validating 
the computer algorithms, signal scoring is more standardized. 
However, hybridized slides still need to be reviewed prior to 
automated scoring for selection of regions with appropriate 
morphology and signal quality. Additionally, automated scor-
ing results of each case should be confirmed by inspection of 
captured FISH images. Thus, automated slide scoring may 
result in decreased hands-on technical time in high-volume 
FISH laboratories [41], but the time savings may not be as 
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significant compared to automating the slide processing steps. 
An advantage of automated slide scanning systems is that 
they typically have some flexibility and capacity for image 
analysis beyond FISH to include immunohistochemistry 
slides and also research applications including tissue microar-
ray and multiplex fluorescence analysis.

 Post-analytic FISH Considerations

Knowledge of the spectrum and characteristics of genomic 
abnormalities in a particular neoplasm, probe design includ-
ing location with respect to rearrangement breakpoints, 
tumor biology, cellular morphology, differential diagnosis, 
and the literature are all essential for proper interpretation of 
FISH results.

 Interpretation of Results in the Context of Specific 
Neoplasms and Genomic Abnormalities

ALK gene rearrangements in non-small cell lung cancer, 
which are most commonly the result of an inversion in the 
short arm of chromosome 2 that results in an EML4/ALK 
fusion, can be detected using a break-apart probe. However, 
there are intrinsic challenges with assessment of this ALK 
rearrangement because the inversion does not result in as 
much signal separation as a translocation between different 
chromosomes, and thus it is vital to become attuned to this 
subtle alteration. In addition, with the FDA-approved ALK 
break-apart probe, single red signal(s) (3′ or telomeric end) 
with loss of green signal(s) is considered positive for a rear-
rangement. In other neoplasms, loss of the 5′ or 3′ end of a 
break-apart probe could either indicate positivity for a gene 
rearrangement resulting in a fusion event or a partial deletion 
of the gene that does not create a fusion [42]. In some sce-
narios, duplication or amplification of a probe may result in 
gain of an oncogene, whereas in others it can indicate a gene 
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fusion event. For example, in sporadic pilocytic astrocytoma, 
a duplication in 7q34 that can be detected by a variety of 
methods, including FISH, results in a KIAA1549/BRAF 
fusion [43, 44].

 Interpretation of Results in the Context  
of Probe Design

Knowledge of probe mapping with respect to the target gene 
and the breakpoints of a specific abnormality, including 
breakpoint variability, is critical for accurate interpretation of 
FISH results. For example, MYC breakpoints in B-cell malig-
nancies are highly variable, sometimes requiring the use of 
probes both downstream and upstream of the gene itself to 
detect a rearrangement [45, 46]. Therefore, it is not unusual 
for one MYC probe to fail to demonstrate a rearrangement 
while another gives a positive result, prompting some labora-
tories to reflex to a second MYC probe if the first is 
negative.

 Interpretation of Results in the Context of Tumor 
Biology and Cytomorphology

An example of the need to understand tumor biology for 
proper FISH interpretation can occur in the setting of an 
abnormal FISH result that is just above normal cutoff. 
Although a result near cutoff can be seen in hematologic 
neoplasms when assessing minimal residual disease, one must 
question the possibility of a false-positive result if FISH is 
being performed for a driver abnormality in a diagnostic 
sample with a high tumor fraction.

The t(14;18) is one example of the importance of correla-
tion of FISH results with cytomorphology. This translocation, 
resulting in rearrangement of IGH and BCL2, is seen in the 
majority of follicular lymphomas, although it is also present 
in about 15% of cases of diffuse large B-cell lymphomas. 
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Therefore, a positive t(14;18) result cannot be assumed to be 
diagnostic of follicular lymphoma [11].

 Interpretation of Results in the Context 
of Literature and Guidelines

Proper interpretation of FISH results also requires knowl-
edge of the literature and published recommendations, as in 
the example of amplification interpretation. There is no sin-
gle definition of amplification, which varies depending on 
tumor type and may be based on clinical parameters such as 
response to treatment or prognosis. Typically, gain of a single 
copy does not fit a definition of amplification, but the number 
of copies required for amplification is not consistent across 
tumor types. For example, the definition of HER2 amplifica-
tion in breast cancer takes into account both the ratio of 
HER2 to chromosome 17 centromere signals and the abso-
lute number of HER2 signals. These specific criteria, includ-
ing integration of HER2 immunoexpression analysis, have 
evolved over time and are based on response to trastuzumab 
[6]. MYCN amplification in neuroblastoma is defined as 
greater than four-fold increase in MYCN signals compared to 
reference probe signals and is based on unfavorable clinical 
behavior [47]. The use of a control probe from the centro-
mere or opposite arm of the chromosome containing the test 
probe target is often recommended for distinguishing ampli-
fication from polysomy, which may not have the same bio-
logic consequence as amplification of a specific gene or 
region. Similarly, increased copy number of probes from a 
single chromosome cannot distinguish between polysomy 
and polyploidy.

Figure 7.3 illustrates the complexities that can be involved 
when interpreting FISH results. The case is from a 12-year-old 
who presented with a chest wall mass. A miniscule needle 
biopsy was obtained by interventional radiology. Touch 
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preparation slides were made for preliminary cytology diag-
nosis and FISH; the remainder of the biopsy was formalin 
fixed and paraffin embedded. Morphology and immunostain-
ing (CD99 strong membranous staining, myogenin, and cyto-
keratin AE1/3 negative) were consistent with a diagnosis of 
Ewing sarcoma. FISH with a commercially available EWSR1 
break-apart probe (Fig. 7.3a) was first performed on a touch 
preparation slide and repeated on an FFPE section to con-
firm the results, which were similar in both preparations. Only 
approximately 30% of the nuclei showed separation of one 
red and green signal, and the distance between the separated 
signals was less than expected for an EWSR1 rearrangement 
resulting from a translocation with another chromosome 
(Fig. 7.3a). Review of the adjacent H&E stained FFPE slide 
showed that the majority of the biopsy consisted of tumor. 
Therefore, not only was the signal separation less than 
expected, but the percentage of nuclei with signal separation 
was low for the amount of tumor present, given that an 
EWSR1 rearrangement would be expected to be present in 
most, if not nearly all of the tumor cells. In this case, the low 
percentage of positive nuclei is likely due to the small dis-
tance between split signals, which may not allow the signal 
separation to be resolved in many nuclei. This EWSR1 break-
apart probe result is not conclusive, but it is suggestive of an 
EWSR1 rearrangement. Equivocal or even negative FISH 
results in Ewing sarcoma using the EWSR1 break-apart 
probe have been described with variant EWSR1 fusions 
involving ERG instead of the more common FLI1 partner 
[48–50]. These EWSR1/ERG fusions may require alternative 
fusion probe FISH strategies or other molecular methods for 
detection due to the complex nature of the rearrangement, 
which involves a 22q inversion and insertion of 5 ′ EWSR1 
into ERG on 21q [48–50]. FISH performed on the tumor in 
Fig.  7.3 using laboratory- developed, differentially labeled 
probes that span EWSR1 and ERG confirmed an EWSR1/
ERG fusion (Fig. 7.3b).
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 Limitations of FISH

As with any technology, FISH has its limitations, and there 
are many examples of cases in which FISH results are nega-
tive, but results utilizing an orthogonal method are positive 
and vice versa. False-negative FISH results can be due to a 

22q12.2

22q12.221q22.2

cen tel

497 kb

445 kb 346 kb

1.1 Mb

5′

5′

EWSR1

EWSR1ERG

3′

5′ 3′3′

a

b

Figure 7.3 FISH performed on a Ewing sarcoma with an EWSR1/
ERG fusion. (a) Map of EWSR1 break-apart probe (left) and repre-
sentative image of this probe hybridized to the tumor (right). Red 
and green bars represent the two halves of the break-apart probe in 
relation to the EWSR1 gene. Arrows indicate representative nuclei 
with signal separation suggestive of an EWSR1 rearrangement. (b) 
Map of EWSR1 and ERG differentially labeled probes that span the 
genes (left) and representative image of this probe set hybridized to 
the tumor (right). Arrows indicate yellow fusion signals resulting 
from an EWSR1/ERG fusion
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variety of variables, such as failure to score tumor nuclei or 
atypical rearrangements. For example, complex rearrange-
ments, or submicroscopic insertions of part of a gene into 
another gene, have been documented to result in fusions that 
yield false-negative FISH results [48–50] (Figs. 7.3 and 7.4). The 
reverse is also true, and there are many examples of cases that 
are positive by FISH but negative by other methodologies. 
Break-apart probes may give a positive FISH result when 
RT-PCR is negative because of a rearrangement with a vari-
ant fusion partner that is not detected by the specific PCR 
primers used in the assay. Aberrant molecular results can also 
be encountered even if known fusion partners with unusual 
breakpoints are involved [51]. False-positive and false-nega-
tive FISH results can also be caused by misinterpretation of 
signal patterns. The possibility of a false-negative or false-
positive result must always be considered when a FISH result 
is incongruent with morphology and other ancillary test 
results (Table 7.4).

 Summary

The morphologic assessment of various types of cancer 
within a cytologic preparation may present challenges that 
can be further complicated when the quantity or quality of 
the sample falls short of processing requirements for ancillary 
studies, including an assessment of relevant molecular mark-
ers. Embracing the use of the various molecular methodolo-
gies with their differing strengths and weaknesses in the 
formulation of a diagnosis improves accuracy considerably as 
well as provides or predicts key features of tumor behavior 
such as progression and response to therapeutics. FISH is a 
method that is highly suitable for cytologic preparations, as 
tissue requirements are minimal and analysis permits direct 
in situ morphologic correlation. Familiarity with the pre- 
analytic and analytic factors that affect the success of FISH 
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Figure 7.4 FISH results illustrating a typical ETV6/RUNX1 fusion 
resulting from a t(12;21) that occurs in acute lymphoblastic leuke-
mia and a variant fusion due to an insertion of ETV6 into RUNX1. 
(a) Probe map of the Vysis ETV6/RUNX1 ES (extra signal) probe 
(Abbott Laboratories, Abbott Park, IL). The ETV6 probe is labeled 
in green and the RUNX1 probe is labeled in red. The location of the 
most common breakpoints relative to each gene and probe is desig-
nated by the vertical arrows. For ETV6, breakpoints are typically in 
the 15 kb intron 5, and for RUNX1, most breakpoints occur within 
the 155 kb intron 1 or the 5.5 kb intron 2. The direction of the cen-
tromere (cen) and telomere (tel) relative to the 5′ and 3′ ends of the 
genes is shown. (b) Schematic representation of the ETV6 probe on 
12p, RUNX1 probe on 21q, location of breakpoints (dashed lines) 
with respect to the probes (top), and a typical t(12;21) showing relo-
cation of probes and the subsequent signal pattern (bottom). Note 
that the breakpoint in 21q occurs within the RUNX1 probe and the 
breakpoint in 12p occurs centromeric to the ETV6 probe, resulting 
in relocation of a small red signal to 12p and an entire green signal 
to 21q to form a fusion signal. (c) Interphase (left) and metaphase 
(right) images from a typical t(12;21). There is an ETV6/RUNX1 
fusion signal on the derivative chromosome 21 (arrow), a small red 
RUNX1 signal translocated from 21q to 12p (aqua arrowhead), a 
green ETV6 signal on the normal 12p, and a red RUNX1 signal on 
the normal chromosome 21. (d) Interphase (left) and metaphase 
(right) images from an insertion of a portion of the ETV6 gene into 
RUNX1. In contrast to a typical ETV6/RUNX1 fusion resulting from 
a t(12;21), both green signals are still located on the short arms of 
both chromosomes 12 (white arrowheads), and the two red signals 
are roughly equivalent in size and still located on the long arms of 
both chromosomes 21, with one chromosome 21 showing a barely 
visible fusion signal due to insertion of a portion of the green ETV6 
signal into RUNX1. These small fusion signals that result from inser-
tions can be easily missed depending on the size of the inserted 
material
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performance on clinical cytopathologic specimens and the 
measures to overcome them is necessary for optimal test per-
formance. Knowledge of post-analytic factors is critical for 
proper interpretation of FISH results.
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Abbreviations

ASCUS Atypical squamous cells of undetermined 
significance

AUC Atypical urothelial cells
BRAF v-raf murine sarcoma viral oncogene homolog B
DNA Deoxyribonucleic acid
EGFR Epidermal growth factor receptor
FISH Fluorescence in situ hybridization
FNA Fine-needle aspiration
GNA11 Guanine nucleotide-binding protein subunit 

alpha-11
GNAQ Guanine nucleotide-binding protein G(q) subunit 

alpha
H&E Hematoxylin and eosin
HPV Human papilloma virus
IgH Immunoglobulin heavy chain
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PCR Polymerase chain reaction
QNS Quantity not sufficient
TCR T-cell receptor
TKI Tyrosine kinase inhibitor

Key Terminology

Allele Variant form of a gene. Each gene has 
two copies that are inherited from 
each parent and may differ from each 
other resulting in a variant form or 
allele

Analytic sensitivity Lowest limit of detection of an assay 
where it reliably and reproducibly 
detects the target analyte

Germline mutation Inherited genetic alterations that 
occur in the reproductive/germ cells 
(i.e., sperm and eggs) and becomes 
incorporated into the DNA of every 
cell in the body. Germline mutations 
are passed from parents to offspring 
and are also referred to as hereditary 
mutations

Heterozygous Most diploid cells such as tumor cells 
contain two different alleles at any 
gene locus

Macrodissection Tissue extraction from a slide without 
the need of a microscope (usually 
large area that can be grossly 
visualized)

Microdissection Tissue extraction requiring a dissect-
ing microscope or by laser capture 
microscopy (usually from small areas 
demarcated on a slide that cannot be 
well-visualized without a microscope)

Mutant Any form of an allele other than the 
wild type is a variant or mutant allele. 
While variants can represent poly-
morphisms common to the popula-
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tion (>1% of the population), mutant 
usually refers to variation that are 
detected in <1% of the population

Resistance mutation Acquired somatic mutation that 
develops as a mechanism of resistance 
against a targeted therapy

Sample cellularity Total number of nucleated cells within 
a sample that contributes to the total 
DNA yield

Sensitizing mutation Somatic mutation that will make the 
patient sensitive to treatment by a 
specific targeted therapy

Somatic mutation Genetic alteration acquired by a 
tumor cell that can be passed to the 
progeny of the mutated tumor cell 
during cell division. Somatic muta-
tions that cause cancer will be present 
only within the tumor where they 
occur

Tumor enrichment The process of demarcating tumor- 
rich areas on a slide to increase the 
tumor fraction in a sample during tis-
sue extraction

Tumor fraction Percentage of tumor cells in a sample. 
The analytic threshold for T% is 
defined as the minimum amount of 
tumor DNA that can be reliably 
detected in a background of wild-type 
DNA. Calculated by the total number 
of tumor cells divided by the total 
number of all nucleated cells. Also 
referred to as tumor cellularity and 
tumor proportion

Wild type A phenotype/genotype/gene that pre-
dominates in a natural population. 
Wild-type allele is the one that is the 
most common one in the natural 
population

Chapter 8. Molecular Cytopathology Correlations



164

The widespread implementation of molecular testing in 
cytopathology specimens has highlighted the importance of a 
basic understanding of the principles of molecular assays [1–
4]. While an in-depth knowledge of molecular assay test 
development and technical detail may not be needed by the 
cytopathologist, an appreciation of the key elements of assay 
interpretation and reporting is important for molecular cyto-
pathologic correlation [5]. Understanding the basic principles 
of molecular diagnostics and how factors related to specimen 
selection and handling influence molecular assay results will 
ultimately lead to better selection of cytology tissue for 
molecular testing [6].

For instance, the analytic sensitivity of an assay directly 
relates to the proportion of tumor cells within a sample 
(Fig. 8.1). In other words, the higher the analytic sensitivity of 
an assay, the better it is at analyzing samples with low tumor 
fractions [1, 7]. Therefore, to avoid the risk of a false-negative 
result, a cytopathologist selecting a low tumor fraction tissue 
sample for molecular testing needs to opt for an assay with a 

Key Points

• Always interpret molecular results in context of the 
clinical and cytopathologic findings

• Use molecular assays as an ancillary study that 
complements the cytologic findings and helps guide 
the final diagnosis

• Understand the basic principles and limitations of 
the molecular assay being used for appropriate 
molecular cytopathologic correlation

• Reevaluate the cytology sample anytime there is a 
negative molecular result to exclude the possibility 
of a false- negative result

• Review the cytology together with the clinical history 
when there is an unexpected molecular result or 
novel finding or when the molecular results are dis-
cordant with the tumor type/clinical context
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high analytic sensitivity (see Chap. 4 for more details). This 
just underscores the need for clear communication between 
the cytopathologist sending tissue for molecular testing and 
the molecular laboratory performing the assay with clear 
guidelines outlining selection/rejection criteria for each of 
the assays performed [6].

The interpretation of molecular test results also requires a 
working knowledge of the molecular pathology of the 
selected tumor and the clinical context. For example, in a 

Analytic sensitivity of assay

Able to detect 20% mutant alleles

40% tumor fraction in sample

MT WT

10% tumor fraction in sample

Able to detect 5% mutant alleles

20% 5%

Figure 8.1 The analytic sensitivity of a molecular assay is directly 
related to the proportion of tumor cells within the sample. Assuming 
most tumor cells are heterozygous, a sample with 40% tumor cells 
will have only 20% of the alleles that are mutant. Therefore, in this 
sample, an assay with a minimum analytic sensitivity of 20% is 
needed to detect the mutant allele present only in the tumor cells. 
Similarly, a sample with only 10% tumor cells will require an assay 
with an analytic sensitivity of at least 5% to reliably detect the 5% 
mutant alleles present within the sample. Abbreviations: MT mutant 
allele, WT wild-type allele
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patient with lung adenocarcinoma with known sensitizing 
mutation in EGFR progressing on tyrosine kinase inhibitor 
(TKI) therapy, the usual clinical question is the presence of 
an acquired resistance mutation, most commonly EGFR 
T790M, which confers resistance to TKI therapy. The most 
frequently encountered cytology specimen in this situation 
would either be a pleural effusion or a fine-needle aspiration 
(FNA) of a newly developed nodule. Both specimen types 
pose unique challenges.

• Effusion samples, while adequately cellular, frequently 
contain a large number of benign cellular components in 
the form of histiocytes, mesothelial cells, inflammatory 
cells, and blood elements, which often result in a low tumor 
fraction (Fig.  8.2) [1]. While getting an adequate DNA 
yield from these samples is not an issue, the challenge 
often lies in enriching the tumor content to meet the ana-
lytic sensitivity of the EGFR mutational assay. For exam-
ple, Sanger sequencing with a low analytic sensitivity of 
15–20% would require a tumor sample to be enriched to 
comprise at least 30–40% tumor fraction to be adequate 
for analysis. In these situations, selecting a high-sensitivity 
assay that aligns with the low tumor fraction is critical to 
avoid risking a false-negative result. It is important to 
remember that tumor fraction can be enhanced in some 
situations by circling tumor-rich areas on the slide for 
macro- or microdissection and eliminating areas that have 

Figure 8.2 A Papanicolaou-stained cytospin preparation of a pleu-
ral fluid where most areas in the slide show small clusters and scat-
tered malignant cells admixed with numerous non-tumor cells (top 
panel). The tumor fraction in this sample is, therefore, diluted by the 
benign cells in the background. However, the areas near the edge of 
the preparation show higher tumor fraction (bottom panel) and 
have been circled for microdissection. This tumor mapping increases 
the tumor fraction in the extracted sample (circled tumor-rich 
areas), but at the cost of lowering the total number of cells that 
could be used for extraction (entire slide)
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higher proportions of benign cells [1, 6–8]. While this tech-
nique improves tumor fraction, it does so at the cost of the 
overall cellularity and may result in a lower DNA yield 
(Fig.  8.2) [7]. Despite these heroic measures to ensure 
tumor fraction, when a sample tested for resistance muta-
tion comes back negative, the onus is on the cytopatholo-
gist to make the molecular cytopathologic correlation to 
ensure that an appropriate sample was tested and the 
result reflects a true negative.

• In contrast, FNA samples often have a highly enriched 
tumor fraction but may be limited by the overall amount of 
cellular material collected, resulting in a sample that has low 
cellularity and a low DNA yield that may fail amplification. 
Therefore, for these cases sending additional slides may be 
necessary to provide an adequate cellularity to meet the 
minimum input DNA requirements of the assay [7].

Molecular cytopathologic correlations are a two-way street, 
and the responsibility of the cytopathologist does not end with 
the triage and selecting of tissue for molecular testing. Once 
the molecular assay is performed and reported, the interpreta-
tion of the assay in context of the cytologic findings is an 
important component of providing patient care. For instance, 
HPV testing performed on cervical cytology specimens are 
frequently reported by the cytopathologist (Box. 8.1) and pro-
vide molecular cytopathologic correlation to indeterminate 
cases finalized as atypical squamous cells of undetermined 
significance (ASCUS) [9–11].

Similarly, fluorescence in situ hybridization (FISH) testing 
on urine samples is usually reported by the cytopathologist 
reviewing the cytology specimen (Box. 8.2) and provides the 
necessary correlation for cases of atypical urothelial cells 
(AUC) [12, 13].

In hematolymphoid malignancies, immunophenotyping 
results by flow cytometry and molecular results of FISH test-
ing and immunoglobulin heavy chain (IgH) and T-cell recep-
tor (TCR) gene rearrangements [14, 15] are often incorporated 
into the final cytologic diagnosis (Box. 8.3, Fig.  8.3), thus 
providing the molecular cytopathologic correlation.
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While the assays are performed and interpreted by quali-
fied molecular pathologists/geneticists, the clinicopathologic 
correlation remains the responsibility of the cytopathologist 
reviewing the cytology sample [6]. Therefore, other high com-
plexity molecular testing such as DNA-based assays, gene 
expression analyses, and proteomic assays that are routinely 
performed using cytology specimens for diagnostic, predic-
tive, and prognostic information need to be interpreted in 

Box 8.1 A sample cytopathology report showing the cytologic 
results of the Pap test with the HPV test results in an addendum. 
The molecular test is interpreted in context of the cytomorphologic 
assessment.

Specimen source:
Cervix, liquid-based prep

Specimen adequacy:
Satisfactory for evaluation
Endocervical/transformation zone component present

Diagnosis:
Atypical squamous cells of undetermined significance 
(ASCUS)

Supplemental report:
Cervista(TM) HPV HR assay is POSITIVE for high-
risk type(s) of HPV.

The HPV assay was performed using the 
Cervista(TM) high-risk HPV DNA test (Hologic, 
Madison, WI). The HPV high-risk panel tests for human 
papillomavirus (HPV) types 16, 18, 31, 33, 35, 39, 45, 51, 
52, 56, 58, 59, 66, and 68. A positive test indicates the 
presence of one or more HPV types.

Control samples were run with appropriate results.
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Box 8.2 A sample urine cytology report with the fluorescence 
in situ hybridization (FISH) testing results correlated with the 
final interpretation. A subsequent follow-up biopsy showed 
high-grade urothelial carcinoma.

Specimen source:
A. Urine, voided

Gross description:
50 ml. yellow fluid

Diagnosis:
 Few atypical urothelial cells, suspicious for high-grade 
urothelial carcinoma (see comment)

Comments:
Fluorescence in situ hybridization studies using the 
UroVysion kit demonstrated 25 of 25 cells analyzed 
with an abnormal signal pattern which equates to a 
positive result (4 or more cells is a positive result 
defined as cells with polysomy for probed areas on at 
least two of the following chromosomes, 3, 7, 17, and 
9p21, 12 or more cells with no signal for chromosome 9 
and/or 10, or more cells with 4 signals for each probe). 
These findings suggest the presence of high-grade uro-
thelial carcinoma; however slides prepared for cytomor-
phologic evaluation do not display such worrisome 
features. Consequently, since there is a disconnect 
between the UroVysion findings and cytomorphology, a 
more definitive diagnosis is not rendered. Continued 
close follow-up and/or cystoscopy with biopsy is there-
fore recommended.
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Box 8.3 A sample cytopathology report of a lymph node fine-
needle aspiration (FNA) with morphologic evaluation, flow 
cytometry, and immunohistochemical results, supporting a 
diagnosis of high-grade B-cell lymphoma. In addition, fluorescence 
in situ hybridization (FISH) performed using a break-apart probe 
showed a MYC rearrangement (Fig. 8.3) that supports the final 
cytopathologic interpretation.

Specimen source:
A. Lymph node, left inguinal, FNA

Gross description:
2 cm mass

Diagnosis:
 Large B-cell lymphoma, favor high grade (see 
comment)

Comment:
 The neoplastic cells are large and highly atypical with 
lobation of the nuclei. Concurrent flow cytometry 
immunophenotyping demonstrates a kappa-restricted 
B-cell population that is positive for CD5 (partial), 
CD10, CD19, CD20, CD22, CD38, and CD44 but nega-
tive for CD11c, CD23, CD30, CD34, CD43, CD200, and 
lambda light chains.

Immunoperoxidase stains performed on cytospin 
preparations confirm the presence of a kappa-restricted 
population of B cells and positive CD20 stain. CD3 
highlights background T cells. The proliferation rate 
(Ki-67) is approximately 90%. EBER ISH is negative.

c-MYC status by FISH was ordered on a cytospin 
preparation, and the result will be reported separately.
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context of the clinical and cytopathologic findings, making 
the role of the cytopathologist critical in correlating these 
results [16]. Some common scenarios outlining the role of the 
cytopathologist in interpreting and correlating molecular 
testing results are highlighted in Table 8.1.

Figure 8.3 Fluorescence in situ hybridization (FISH) performed on 
a cytospin preparation using a break-apart probe shows MYC rear-
rangement (arrows) that supports the final cytopathologic interpre-
tation of a high-grade large cell lymphoma
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Table 8.1 Common scenarios for the cytopathologist with molecu-
lar cytopathology correlations
Response to the 
molecular result Molecular cytopathologic correlation
Molecular result: negative
True negative vs false negative

“The mutational 
analysis did not 
detect any somatic 
mutations”

Review the sample that was sent for 
testing, and make sure it had adequate 
tumor fraction to ensure the result is not 
a false-negative

If a small tumor-rich area was 
circled, check if lab truly employed 
microdissection, since extracting the 
entire slide instead of the designated 
tumor-rich area might dilute the 
mutant allele and cause false-negative 
results

In case of cell blocks, where the 
unstained deeper sections may not 
always match the tissue section in the 
H&E slide (that serves as a guide), 
extracting from subsequent levels 
might miss the actual circled tumor- 
rich area, especially if the circled area 
is small and focal

(continued)
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Table 8.1 (continued)

“How can the 
molecular result be 
negative? The primary 
tumor tested on the 
outside showed a 
mutation”

Compare the morphology. The current 
tumor tested may be a different primary. 
Additional ancillary studies, such as 
immunostaining, may be needed for 
further evaluation

The methodology for testing may be 
different, and analytic sensitivities 
can be different. Check to make sure 
the current assay has a high analytic 
sensitivity to preclude a false-negative 
result

Check the outside molecular report 
for the coverage of the assay. In 
hotspot-based mutation testing, the 
assays may not be analyzing the same 
codons in the gene. It is important to 
verify that the coverage of the current 
assay includes the same area where 
the mutation was detected by the 
prior assay

Molecular result: quantity not sufficient (QNS)

“I sent the required 
10 unstained slides 
from the cell block 
to the molecular lab. 
How could the assay 
fail?”

Review the sample that was sent for 
testing, and make sure it had adequate 
cellularity. Low cellularity cell blocks will 
likely need more unstained slides sent, 
often more than what the usual policy 
is. Cases with borderline DNA yield 
can frequently be made “adequate” by 
sending in additional slides

Response to the 
molecular result Molecular cytopathologic correlation
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(continued)

“The smears I sent to 
the molecular lab had 
abundant cells. Why 
did the test fail?”

If smears were sent for testing that had 
adequate cellularity, check the glass 
slides post-extraction to ensure the cells 
were actually scraped/lifted off the slides. 
Tissue extraction techniques vary, and 
sometimes slides may retain cells even 
post-extraction

Molecular result: positive, but…

“Wait…there’s a 
mutation in never- 
heard- of-that-before 
gene? What does that 
mean?”

When a novel mutation is detected, it 
is may be worthwhile checking some 
of the databases that catalog somatic 
mutations in different tumor types. 
Always check validity of “somatic” claims 
by performing a literature search and 
reviewing the article

When the mutation 
detected doesn’t make 
sense to the tumor 
type

While it is possible to have any mutation, 
in any tumor type (it’s a tumor; it’s 
allowed to do whatever it wants), certain 
mutations are well characterized in 
certain tumor types, and detecting them 
in another tumor would be uncommon. 
Therefore, (i) confirming for possible 
sample mix-up and (ii) reviewing the 
tumor type and doing immunostains to 
confirm the primary tumor site may be 
necessary

The mutation 
detected in the 
metastasis doesn’t 
match the mutation 
profile of the primary 
tumor

While metastatic tumors may have some 
discordance with the mutation profile 
of the primary tumor from a divergent 
subclonal population in the metastasis, it 
is important to ensure (i) the metastasis 
does not represent a different primary 
tumor and (ii) rule out the possibility of 
a specimen mix-up

Table 8.1 (continued)
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Table 8.1 (continued)

When the test result is 
unexpectedly positive

If a FISH result is unexpectedly positive 
(morphologically benign specimen) or 
novel mutations detected are unusual, 
it may be necessary to exclude the 
possibility of a false-positive molecular 
result. Having clear communication with 
the molecular pathologist is often key to 
resolving these situations

Molecular result: clues to a puzzle?
Some examples

“There’s a GNAQ 
mutation in this 
metastatic melanoma 
to the liver. But the 
patient’s known 
primary tumor in the 
skin had a BRAF 
V600E mutation”

When the mutation profile is unexpected, 
it is helpful to explore the possibilities. 
GNAQ (and GNA11) mutations are 
mostly seen in uveal melanomas, and 
these tumors frequently metastasize to 
the liver. In this situation, it would be 
necessary to recommend having the 
patient evaluated for a possible uveal 
melanoma

“There’s an EGFR 
T790M mutation, 
but this is a new lung 
adenocarcinoma 
patient who has not 
been treated with TKI 
yet”

EGFR T790M is the most commonly 
acquired resistance mutation to TKI 
therapy. So in a treatment-naïve patient, 
explore the possibility of a germline 
mutation. Testing the peripheral blood or 
a normal tissue sample may be helpful

“There is an 
IDH1 and KRAS 
mutation in this 
adenocarcinoma of 
unknown primary 
liver FNA”

Certain mutations are well characterized 
in specific tumor types that may serve 
as diagnostic clues. For instance, IDH1 
and KRAS mutations are often seen 
in cholangiocarcinomas and therefore 
in this situation would prompt the 
clinician to evaluate for a potential 
cholangiocarcinoma

Response to the 
molecular result Molecular cytopathologic correlation
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Abbreviations

AJCC American Joint Committee on Cancer
CAP College of American Pathologists
DNA Deoxyribonucleic acid
EBER EBV-encoded RNA
EBV Epstein-Barr virus
FFPE Formalin fixed paraffin embedded
FNA Fine-needle aspiration
HPV Human papillomavirus
hrHPV High-risk HPV
IHC  Immunohistochemistry
ISH  In situ hybridization
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N Nodes (extent of lymph node involvement by 
metastatic disease in TNM staging)

OPSQCC Oropharyngeal squamous cell carcinoma
PCR Polymerase chain reaction
Rb Retinoblastoma
RNA Ribonucleic acid
SQCC Squamous cell carcinoma
T Tumor (primary tumor description in TNM 

staging)

Key Terminology

IHC A laboratory technique that allows the visualization 
of specific antigens in tissue by conjugating them to 
complementary antibodies with a reporter molecule. 
Common reporters are enzymes such as horseradish 
peroxidase. Enzymatic activation of the reporter leads 
to the production of a colored product that can be 
visualized with light microscopy

ISH A DNA or RNA detection method that uses comple-
mentary probes to bind and identify specific DNA or 
RNA sequences. The probes can be conjugated to 
fluorescent or chromogenic reporter molecules, which 
can be detected using fluorescence or light micros-
copy, respectively

PCR Molecular method that exponentially amplifies DNA 
sequences targeted by specific primers using a heat- 
stable DNA polymerase. This allows identification of 
targeted DNA sequences and their subsequent 
sequencing or other manipulations, if required
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Key Points

• HPV-positive OPSQCC have a better prognosis and 
outcome than conventional head and neck SQCC

• HPV 16 is the most common HPV type associated 
with OPSQCC

• p16 IHC is a commonly used surrogate marker for 
hrHPV detection and is highly sensitive and moder-
ately specific in surgical pathology specimens; how-
ever criteria for detecting hrHPV using p16  in 
cytology specimens is not well defined

• In surgical pathology specimens, p16 IHC is recom-
mended as the first-line test for HPV and may be 
supplemented with other testing modalities if needed

• hrHPV can be detected using DNA and RNA isola-
tion techniques that are highly specific and have vari-
able sensitivity

• Current CAP guidelines recommend HPV testing in 
all cytologic material in cases of known or suspected 
OPSQCC when the HPV status is unknown or in 
cases of metastatic SQCC of unknown primary

• There is currently no preferred first-line test for 
cytology specimens

•  While a positive p16 IHC result is considered to be at 
least 70% nuclear and cytoplasmic staining of at least 
moderate intensity in surgical pathology specimens, in 
cytologic material, the threshold for a positive p16 result 
needs to be individually validated in each laboratory

• Equivocal p16 IHC can be followed up by HPV PCR 
or ISH testing

•  hrHPV testing performed on cytology specimens should 
be rigorously validated and interpreted with caution

• Negative HPV testing results in cytologic material 
should be repeated if a subsequent surgical pathol-
ogy specimen becomes available

•  In cases of metastatic SQCC of unknown primary, 
EBER testing should be performed either concur-
rently with HPV testing or in cases that prove to be 
HPV negative
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Head and neck cancers encompass a variety of tumor 
types of the upper aerodigestive tract and salivary glands. 
Work over recent decades has shown significant molecular 
and clinical differences among head and neck tumor types. 
One of the most notable advances has been the recognition 
of human papillomavirus (HPV)-associated oropharyngeal 
squamous cell carcinoma (OPSQCC) as a distinct epidemio-
logic, morphologic, and molecular variant from non-HPV- 
associated head and neck squamous cell carcinoma [1]. 
High-risk HPV (hrHPV) has been detected in 70% of oro-
pharyngeal carcinomas and is often associated with a nonke-
ratinizing basaloid morphology and a distinct clinical course 
with a more favorable outcome [2–5]. In particular, HPV type 
16 has been shown to be most commonly associated with 
OPSQCC, being found in approximately 90% of cases, with 
HPV 18 being present in the majority of the remainder of 
cases [1, 6]. Although HPV has been detected in other head 
and neck carcinomas, the role and significance of HPV in 
these tumor types is less well defined [7]; therefore, HPV test-
ing is currently only recommended for known or suspected 
cases of primary OPSQCC [8].

The HPV status of OPSQCC has been shown to be an 
independent prognostic factor for survival [5], and patients 
are now considered for deintensified therapy regimes in clini-
cal trials based on tumor HPV status [4]. The recently pub-
lished American Joint Committee on Cancer (AJCC) 8th 
Edition Cancer Staging System now considers high-risk 
HPV-associated (p16-positive) OPSQCC in its own chapter 
and incorporates different staging based on whether an 
OPSQCC is p16 positive or p16 negative [9]. These important 
insights have been gained from studies evaluating p16/HPV 
status on surgical pathology specimens.

There are two main scenarios in which the role of fine- 
needle aspiration (FNA) is increasingly important in the 
diagnosis and management of these HPV-associated 
OPSQCC patients. Firstly, many patients have metastatic 
nodal disease at initial presentation, as HPV-associated 
OPSQCC commonly presents with low tumor (T) but high 
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nodal (N) stage disease. FNA of involved lymph nodes, rather 
than a biopsy of the known primary site, is often the diagnos-
tic method of choice. The second scenario is in patients pre-
senting with metastatic disease of unknown primary site. This 
is the mode of presentation in 34% of patients with HPV- 
associated OPSQCC [10], making cytologic material often 
the only substrate available for both diagnosis and molecular 
work-up. In patients with metastatic SQCC of unknown pri-
mary site, Epstein-Barr virus (EBV)-associated nasopharyn-
geal carcinoma is also an important consideration. In situ 
hybridization for EBV-encoded RNAs (EBER) should be 
performed in HPV-negative specimens or tested concurrently 
with HPV.

The use of FNA material for HPV detection poses its own 
unique advantages and challenges. Metastatic OPSQCC can 
often present as necrotic and cystic nodal deposits with scant 
viable material for testing and a necrotic background that 
may interfere with testing [11]. Nevertheless, FNA remains an 
effective, low-cost, and minimally invasive method to rapidly 
evaluate a patient presenting with lymphadenopathy of 
unknown primary. Molecular testing of FNA material is also 
of particular value in patients presenting with SQCC follow-
ing a history of a prior HPV-positive OPSQCC. In the lung, 
p16 testing can be used on FNA specimens to distinguish 
between metastases from an OPSQCC and a primary lung 
basaloid SQCC, which may be difficult to distinguish on mor-
phological or clinical grounds alone. In this scenario, a posi-
tive p16 result is not entirely specific for HPV but suggests a 
metastasis in patients with a known history of HPV OPSQCC 
[12]. The recently published College of American Pathologists 
(CAP) guidelines for HPV testing in head and neck carci-
noma now recommend hrHPV testing in all FNA specimens 
of SQCC in patients with known but previously untested 
OPSQCC, in patients with a suspected OPSQCC, or in a 
patient with metastatic SQCC of unknown primary [8]. 
Currently there is no specific recommendation for a pre-
ferred testing methodology in cytology specimens, but regard-
less of which testing method is used, internal laboratory 
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validation must be performed. If a hrHPV test is negative in 
a cytology specimen, follow-up hrHPV testing should be per-
formed on subsequent surgical pathology specimens, if and 
when they become available. The discussion below addresses 
the main types of testing methodologies available and how 
they relate to HPV testing in cytologic material, predomi-
nantly referring to cell block preparations with additional 
discussion of newer liquid-based testing modalities (summa-
rized in Table 9.1).

 p16 Immunohistochemistry

The most frequently used HPV testing modality in surgical 
pathology material is p16 immunohistochemistry (IHC). This 
method detects the presence of the p16INK4a protein, a cell 
cycle regulator, which is upregulated during HPV infection 
and has been shown to be a reliable surrogate marker for 
hrHPV infection [13]. p16 IHC is the preferred first- line sur-
rogate marker for the detection of hrHPV in surgical pathol-
ogy specimens as it is highly sensitive, widely available, and 
relatively inexpensive to perform. The most commonly used 
p16 antibody is the E6H4 clone (Ventana Medical Systems, 
Inc., Oro Valley, AZ), which has recently been found to be the 
most specific and reliable p16 antibody in OPSQCC speci-
mens, even at dilute concentrations [14, 15]; however, CAP 
guidelines do not specifically endorse any specific antibody 
or technique for p16 IHC [8]. In histologic tissue specimens, 
p16 is a highly sensitive marker (up to 100%) for the detec-
tion of HPV but has a specificity of approximately 80% [16–
18]. CAP guidelines recommend at least 70% moderate to 
strong nuclear and cytoplasmic p16 positivity in tumor cells in 
order to report a positive result [8]. Currently, these guide-
lines refer mainly to surgical pathology specimens, with all 
testing carried out on formalin-fixed, paraffin-embedded 
(FFPE) tissue; there is no clear consensus on the interpreta-
tion of p16 IHC on cytologic material. Recent studies have 
attempted to answer this question and found p16 testing on 
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cytologic material resulted in variable sensitivities and speci-
ficities with suggested cutoffs for positivity ranging from 10% 
to 90% [11, 19, 20]. It is, therefore, prudent to interpret lim-
ited p16 IHC staining on cytologic material with caution, as 
specimen processing, low cellularity, and the presence of 
necrosis may all affect staining. CAP guidelines indicate that 
the threshold for determining a p16-positive result in cyto-
logic material needs to be individually validated in each labo-
ratory. We favor reporting p16 positivity on a cytology 
specimen when there is strong nuclear and cytoplasmic stain-
ing in the majority of cells in an at least moderately cellular 
specimen (Fig. 9.1). In cases with an equivocal result, subse-
quent HPV detection methods can be performed, as dis-
cussed below. A potential pitfall in the interpretation of p16 
immunostaining is that p16 positivity has been reported in a 
number of non-HPV-related SQCC, in addition to other 
tumor types, including oropharyngeal small cell carcinoma, 
sinonasal undifferentiated carcinoma, clear cell carcinoma of 
the salivary glands, and HPV-related multiphenotypic sinona-
sal carcinoma [21–24]. Indeed, p16 positivity has also been 
reported in benign lymphoepithelial cysts [25]. Therefore, as 
p16 is a surrogate marker for HPV infection, a positive p16 
result should always be interpreted in the context of the cyto-
morphology and the given clinical and radiological informa-
tion. Despite these potential confounders, CAP guidelines 
consider p16 positivity alone adequate evidence of an HPV-
associated OPSQCC when there is a known oropharyngeal 
primary or when there is a metastatic SQCC of unknown 
primary in upper or middle jugular lymph nodes with typical 
nonkeratinizing morphology [8].

Figure 9.1 FNA of HPV-associated OPSQCC. (a) The cell block 
demonstrates characteristic basaloid cells with mitotic activity and 
apoptotic debris (×1000). (b) Positive p16 immunocytochemistry on 
cell block material demonstrates strong and diffuse nuclear and 
cytoplasmic staining in the majority of cells (×1000). (c) Concurrent 
positive HR DNA ISH is seen as punctate dot-like hybridization 
signals in tumor nuclei (×1000)
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 RNA In Situ Hybridization (ISH)

The demonstration of transcriptionally active hrHPV is con-
sidered a gold standard for the diagnosis of a HPV-related 
malignancy. Viral oncoproteins E6 and E7 play an essential 
role in pathogenesis as they bind and disrupt cell cycle 
 regulators TP53 and retinoblastoma (Rb) proteins, respec-
tively [26]. The detection of E6/E7 mRNA by in situ hybrid-
ization (ISH) allows the direct visualization of hrHPV 
transcripts in FFPE tissue using chromogenic probes and 
light field microscopy. RNA ISH has been shown to be a sen-
sitive marker for the presence of hrHPV and may be more 
sensitive than DNA ISH due to amplification of mRNA in 
the sample. RNA ISH has been shown to have strong agree-
ment with p16 immunostaining, with a concordance rate of 
96.4% [27]. RNA ISH may be able to detect cases of HPV 
infection when low copy numbers result in a negative DNA 
ISH result [28]. Until recently, RNA ISH has not been widely 
available as the hybridization and staining process were not 
automated. Recent work has demonstrated the utility of an 
automated hrHPV E6/E7 RNA ISH method which can 
detect the 18 most common types of HPV in a single assay, 
with sensitivity approaching 100% in OPSQCC specimens 
[29]. RNA ISH can be performed on cytology cell block 
material (FFPE), although there are no specific studies exam-
ining any potential differences between HPV RNA ISH in 
cytology cell blocks and surgically obtained FFPE tissue.

 DNA In Situ Hybridization (ISH)

DNA ISH uses DNA probes, which are complementary to HPV 
viral DNA sequences, to detect HPV DNA in FFPE. 
Chromogenic probes allow direct visualization of HPV DNA in 
tumor cells using light microscopy, whereas fluorescent probes 
can also be used with fluorescence microscopy. DNA ISH is a 
highly specific method for HPV identification, with only a 1% 
false-positive rate reported [30]. It has been recommended that 
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a combination of sensitive p16 IHC and specific DNA ISH test-
ing be employed for HPV detection [17]. A recent study evalu-
ated the interpretation of DNA ISH on cytology cell blocks and 
found that approximately 30% of the cases were scored as dif-
ficult or moderately difficult to interpret [31]. The authors cited 
weak or non-specific staining as a barrier to interpretation and 
noted that there is often background debris or necrosis which 
may hinder interpretation. In cases where the result of DNA 
ISH appears negative or equivocal in a p16-positive cytology 
case, further hrHPV polymerase chain reaction (PCR)-based 
testing could be performed as a confirmatory test.

 HPV Polymerase Chain Reaction (PCR)

HPV PCR can be performed on FFPE or non-formalin-fixed 
cytology specimens (smears, liquid-based cytology) and is one of 
the most commonly used methods for HPV detection. Studies 
have shown that PCR for HPV DNA is highly sensitive when 
performed on OPSQCC biopsies [32]. Commonly used primers, 
GP5+ and GP6+, detect both low- and high-risk HPV DNA [33]. 
A drawback of the PCR method is that it cannot distinguish 
between episomal and integrated DNA and therefore may 
detect the presence of HPV that is not transcriptionally active 
and therefore not clinically relevant. Specificity can be improved 
by utilizing multiplex assays such as PCR mass array and target-
ing the L1 gene of HPV [34]. One study examined PCR testing 
of scraped FNA smear material and demonstrated that this 
method had approximately 95% sensitivity and 100% specificity 
when compared to p16 testing of paired surgical specimens [35].

 Liquid-Phase Assays

In addition to immunohistochemical and molecular testing on 
FFPE tissue, evaluation of HPV status can be performed using 
liquid-based assays. There are currently five FDA- approved 
assays that are widely used for the detection of hrHPV in 
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cervical cytology brushings and could be readily applied to 
head and neck OPSQCC FNA material. One such method is 
the Hybrid Capture 2 assay (Digene Corporation, Gaithersburg, 
MD), which is a liquid-phase hybridization assay using RNA 
probes to detect up to 13 hrHPV types. Pilot studies have dem-
onstrated that the Hybrid Capture 2 assay is comparable to p16 
immunohistochemistry and ISH for hrHPV detection in FNA 
material [36]. Another FDA- approved liquid-phase test for 
hrHPV types 16 and 18 is the Cervista assay (Hologic Inc., 
Bedford, MA), which uses a proprietary signal amplification 
method for the detection of specific DNA sequences. The 
Cervista assay has been found to have >90% agreement with 
concurrent p16 or ISH testing for hrHPV in FNA specimens of 
head and neck OPSQCC [37]. The Cobas 4800 test (Roche 
Molecular Systems, Pleasanton, CA) is an automated platform 
that performs real-time PCR on extracted DNA to detect 
hrHPV 16/18 and 12 additional high-risk strains. It has been 
demonstrated that the Cobas 4800 test has >90% agreement 
with concurrent p16 or DNA ISH testing for hrHPV in FNA 
specimens of head and neck OPSQCC and has a sensitivity of 
100% and specificity of 86% [38]. The overall benefits of liq-
uid-phase testing include the fact that special specimen pro-
cessing requirements are minimal and the process is automated, 
resulting in greater reproducibility and short turnaround times. 
The high sensitivity and quick turnaround make liquid-based 
testing especially attractive as a screening test for patients with 
suspected hrHPV-associated OPSQCC.

 Summary

The implementation of HPV testing in head and neck carci-
nomas, namely, OPSQCC, has revolutionized the manage-
ment and prognosis for patients with hrHPV-positive 
OPSQCC.  These patients may be spared extensive chemo-
therapy and radiotherapy regimes and overall have better 
outcomes than patients with conventional OPSQCC.  There 
are a number of testing modalities available for the detection 
of hrHPV including evaluation of the surrogate marker p16 
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by IHC and direct detection of the virus by RNA and DNA 
isolation methods. Both the AJCC and CAP now recommend 
hrHPV testing as part of the work-up of OPSQCC. A posi-
tive p16 is reported for surgical specimens when at least 70% 
moderate to strong nuclear and cytoplasmic staining is pres-
ent in tumor cells. The clinical relevance of HPV testing of 
head and neck carcinomas outside the oropharynx has not 
been established, and therefore routine HPV testing of these 
tumors is not currently recommended. The reporting of the 
HPV status of an OPSQCC should be included in the top-line 
diagnosis. Tumor grade or differentiation status is not reported 
as this does not impact prognosis in HPV-positive tumors. 
Preferred terminology is HPV-positive or p16- positive SQCC 
with a description of the testing method used and result 
included in the report.

For cytology specimens, CAP guidelines recommend hrHPV 
testing on all FNA specimens of known or suspected OPSQCC 
when hrHPV status has not previously been established and 
for metastatic SQCC of unknown primary. However, the 
choice of method of hrHPV testing in cytology specimens is 
left up to the pathologist or laboratory performing the test.

There is no single perfect test for HPV detection, and as dis-
cussed above, each test type has its own limitations and advan-
tages (Table 9.1). Rigorous laboratory validation is essential for 
all HPV testing methods. The adequacy of the cytology speci-
men is paramount to reliable HPV testing, and evaluation of 
adequacy at the time of FNA is recommended to ensure optimal 
sampling. Until widely validated criteria for HPV testing in cyto-
logic material are established, it is incumbent upon practicing 
pathologists to judiciously report HPV status and ensure that 
testing performed at the individual institution is thoroughly vali-
dated in order to provide optimal patient care.
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CIN Cervical intraepithelial 
neoplasm

CIN2 Cervical intraepithelial neopla-
sia, grade 2

CIN3 Cervical intraepithelial neopla-
sia, grade 3

DNA Deoxyribonucleic acid
HC2 Hybrid capture 2
HPV Human papilloma virus
hr High risk
HSIL High-grade squamous intraepi-

thelial lesion
LEEP Loop electrosurgical excision 

procedure
LSIL Low-grade squamous intraepi-

thelial lesion
Pap test Papanicolaou test
PCR Polymerase chain reaction
RNA Ribonucleic acid
SGO Society of Gynecologic Oncology
USPSTF United States Preventive Services 

Task Force
VAIN Vaginal intraepithelial neoplasia

Key Terminology

Clinical sensitivity To correctly predict high-grade 
cervical intraepithelial lesion, 
CIN2+ by a HPV testing assay

High-risk HPV (hrHPV) HPV16, 18, 31, 33, 35, 39, 45, 51, 
52, 56, 58, 59, 66, and 68 genotypes 
etiologically associated with cer-
vical cancer and precancerous 
lesions
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Key Points

• Integration of HPV testing in cervical cancer screen-
ing is one of the most significant advances for cervi-
cal cancer prevention in the USA in the past decades

• HPV testing, alone or in conjunction with Pap cytol-
ogy, shows convincing clinical evidence of improved 
cervical cancer screening efficacy compared to Pap 
cytology only screening

• HPV testing was recommended in conjunction with 
Pap cytology or as a primary screening tool by the 
American Cancer Society (ACS), American Society 
of Colposcopy and Cervical Pathology (ASCCP), 
and American Society for Clinical Pathology (ASCP) 
guidelines for cervical cancer prevention with spe-
cific recommendations on age for screening, for 
screening intervals, and for women with specific Pap 
testing results

• HPV testing for cervical cancer screening can 
increase the efficacy of cervical cancer screening to 
identify cervical precancerous lesions

• The limitations of HPV testing in cervical cancer 
prevention include complexity of screening algo-
rithms, women’s age, screening intervals, Pap cytol-
ogy stratification, and multiple FDA-approved, 
commercially available HPV testing assays

• HPV testing assay and testing strategy should be 
selected to best fit patient care in a given clinical 
setting
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Cervical cancer is one of the major malignancies in women 
globally, ranking the fourth most common carcinomas follow-
ing breast, colorectal, and lung cancer, with 528,000 new cases 
diagnosed worldwide each year [1]. In the USA, the incidence 
of cervical cancer has significantly declined over the past 
50 years primarily due to systemic cervical cancer screening 
with the Papanicolaou (Pap) cytology and subsequently 
incorporated with human papillomavirus (HPV) tests [2, 3]. 
In 2016, the newly diagnosed cervical cancer cases were esti-
mated to be 12,900 with 4120 deaths [4], representing more 
than 50% decline of cervical cancer incidence in the past 
30 years [3].

In the past two decades, significant advances have been 
made in cervical cancer prevention following the milestone 
discovery that oncogenic or high-risk HPV (hrHPV) is the 
major etiological factor for carcinogenesis of cervical cancer 
and precancers [5]. More than 90% of cervical cancer and 
cervical precancerous lesions (i.e., high-grade cervical intraep-
ithelial neoplasia grade 2 or 3 (CIN2+)) are associated with 
13–14 hrHPV genotypes [6–10]. These discoveries have led to 
a significant evolving of cervical cancer screening with incor-
poration of hrHPV testing [11–13] as well as HPV vaccina-
tion for cervical cancer prevention in the USA.

The hrHPV DNA or RNA tests have been recommended 
in the USA in conjunction with the Pap cytology test or as a 
primary screening for cervical cancer prevention [12, 14–17]. 
Before hrHPV testing was incorporated, Pap cytology testing 
had been used for cervical cancer screening in the USA for 
decades and became the most successful cancer screening 
tool that helped to significantly reduce the incidence of cervi-
cal cancer in the screened population [18].

HPV is a family of non-enveloped double-stranded DNA 
viruses and the most common sexually transmitted pathogen. 
Currently, hrHPV or oncogenic HPV includes HPV16, 18, 31, 
33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68 genotypes. Of these, 
HPV16 and HPV18 are the most clinically relevant hrHPV 
genotypes that are associated with more than 70% of cervical 
carcinoma and the most predictive marker for the risk of 
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CIN3 [7, 9, 19–26]. Because of this, HPV16/18 genotyping was 
separately recommended in the American Cancer Society 
(ACS), American Society of Colposcopy and Cervical 
Pathology (ASCCP), and American Society for Clinical 
Pathology (ASCP) guidelines for cervical cancer screening 
for both HPV/Pap cytology co-testing and HPV primary 
screening [12, 16]. Some HPV genotypes were classified as 
low-risk HPV because they were identified as etiologic fac-
tors for genital warts rather than cervical cancer. The low-risk 
HPV includes HPV6, 11, 40, 42, 43, 44, 53, 54, 61, 72, 73, and 
81. Although HPV6 and HPV11, which account for 90% of 
genital warts, were included in HPV vaccines, the low-risk 
HPVs are not recommended in cervical cancer screening 
because there is no convincing evidence to link low-risk 
HPVs to cervical cancer or precancers [27, 28]. HPV infec-
tions occur commonly in the basal/stem cells in the transfor-
mation zone of the cervix to form either episomal or 
integrated forms in host cells. The integrated form of hrHPV 
is critical for HPV-mediated cell transformation that has a 
significantly higher clinical implication than the episomal 
form of hrHR HPVs. Integration of hrHPV into the host 
DNA results in the deletion of the HPV E2 reading frame, 
releasing E2 suppressing effects on the expression of the E6 
and E7 oncogenes [29, 30]. The E6 and E7 oncoproteins inter-
act with p53 and pRB that consequently results in the degra-
dation of these tumor suppressor proteins, leading to 
uncontrolled cell proliferation and chromosomal instability 
and eventually development of precancer lesions and carci-
noma [31, 32]. Because E6 and E7 expression is a hallmark of 
HPV DNA integration [32, 33], detecting mRNA of E6 and 
E7 is highly specific for predicting CIN2+ during cervical 
cancer screening [34].

HPV infection is very common in young women with pre-
dominantly transient HPV infection with little or no clinical 
implications [35]. Epidemiologically, HPV infection in women 
in the USA reaches a maximal level in the mid-20s and 
declines with age [35]. Most of the infections are cleared by 
the host immune system within 9–12 months [36]. However, 
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the immunity is usually short-lived or ineffective in prevent-
ing future infections by the same or different HPV genotypes 
[37, 38]. Only a small fraction of women who cannot effec-
tively eliminate the hrHPV and have persistent infection with 
one or multiple hrHPVs (most frequently by HPV16) are at 
risk of developing CIN3+ [39]. The aim of introducing HPV 
test for cervical cancer screening, either primary HPV screen-
ing or in conjunction with Pap cytology test, is to identify the 
small fraction of women who have persistent hrHPV infec-
tion and are at a high risk of CIN2+. Once a CIN2+ is con-
firmed by a diagnostic colposcopy/biopsy, the loop 
electrosurgical excision procedure (LEEP) or a cone excision 
is recommended to eliminate the CIN2+ lesions to prevent 
the cervical dysplastic lesion progression [40].

It has been well recognized that a single positive HPV test 
result may not be clinically relevant because most HPV infec-
tion is transient and most CINs regress with no clinical impli-
cations [41]. The incidence of cervical cancer in women 
gradually increases with age, and the peak of incidence occurs 
a decade after the peak of HPV prevalence [42]. Due to the 
very high HPV prevalence and the low incidence of cervical 
precancerous lesions in young women, HPV testing is not 
cost-effective and has a limited predictive value for CIN3+ in 
women aged 30 years and younger. Consequently, HPV test 
as a co-testing with Pap cytology was not recommended in 
women aged 29 and younger or as a primary HPV testing for 
women aged 24 and younger in the USA [12, 15, 16]. In addi-
tion to the age factor, HPV testing has been recommended in 
conjunction with Pap cytology test with a triage algorithm in 
order to achieve an optimal efficacy of cervical cancer screen-
ing. However, the combination of HPV and Pap cytology 
testing results, the women’s age, and the re-screening intervals 
resulted in a highly complicated screening system for patient’s 
triage and follow-up steps [16]. For these reasons, HPV pri-
mary screening was recommended as an alternative to the 
current Pap cytology test for cervical cancer screening in the 
USA in 2015 [12].
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 The Current Recommendations of HPV 
Testing for Cervical Cancer Prevention

In the USA, the current guidelines for cervical cancer preven-
tion were updated in 2012 by the American Cancer Society 
(ACS), American Society of Colposcopy and Cervical 
Pathology (ASCCP), and American Society for Clinical 
Pathology (ASCP) [16] and separately by the United  
States Preventive Services Task Force (USPSTF) [43]. In 2015, 
HPV primary screening was recommended by the ASCCP 
and the Society of Gynecologic Oncology (SGO) [12]. These 
guidelines were reiterated by the American College of 
Obstetricians and Gynecologists (ACOG) in 2016 [44]. Age 
recommendation for cervical cancer screening is as follows:

 1. No screening for women who are 20 years and younger or 
66 years and older who have no history of dysplasia.

 2. Pap cytology testing with a 3-year screening interval for 
women who are 21–29 years old.

 3. HPV/Pap cytology co-testing with a 5-year screening inter-
val for women who are 30–65 years old.

 4. For HPV primary screening, women who are 25–65 years 
old are recommended for cervical cancer screening.

For both HPV primary screening and HPV/Pap cytology 
co-testing, HPV test was recommended in conjunction at 
certain levels with Pap cytology test in these guidelines for 
cervical cancer prevention (Table 10.1).

Table 10.1 Recommendations for using HPV testing for cervical 
cancer preventiona

Age-based recommendation

<20 or >65 years of age: no screening

21–29 years of age: cytology alone every 3 years with an option 
of reflex HPV testing for women with ASCUS

30–65 years of age: HPV co-screening along with Pap test every 
5 years

(continued)
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 HPV and Pap Cytology Co-testing

Indications In 2004, ACS and the ASCCP recommended HPV 
and Pap cytology co-testing for cervical cancer prevention [45]. 
The consensus guidelines issued in 2006 by ASCCP for cervical 
cancer prevention recommended HPV and Pap cytology co- 
testing for women aged 30  years and older with a 3-year 
screening interval [15], and the screening interval was extended 
to 5 years in the 2012 consensus guidelines [16].

Advantages Based on the published data of clinical trial 
studies, women with HPV and Pap cytology co-testing had 

In conjunction with Pap cytology

ASCUS (21 years and older)

Pap/HPV+ co-testing results: HPV16/18 genotyping

LSIL in postmenopausal women

Post-colposcopy management of women with AGC or ASC-H

Post-colposcopy management of women 21 years or older with 
ASCUS or LSIL

Posttreatment surveillance

Primary HPV screening

25–65 years of age: primary HPV screening every 5 years, if 
tested negative

HPV16/18 genotyping test, colposcopy referral if positive

Non-HPV16/18 positive (12 hrHPV genotypes), Pap cytology 
triage
aThe guidelines by the American Cancer Society, American Society 
for Colposcopy and Cervical Pathology, and American Society for 
Clinical Pathology

Table 10.1 (continued)
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increased detection rates of CIN3+ and decreased the 
incidence of CIN3+ during the follow-up periods compared 
to the Pap cytology test-only screening [46, 47]. The extended 
screening interval for HPV and Pap cytology co-testing was 
recommended to reduce unnecessary follow-up testing and 
the associated morbidity as well as the costs while maintaining 
the testing efficacy similar to that of Pap cytology screening 
test at 3-year screening interval.

Concerns The efficacy of the 5-year HPV/Pap co-screening 
interval was established by comparing its efficacy with the 
efficacy of the 3-year Pap test screening interval [48, 49]. 
Controversial opinions were raised on whether a 5-year 
screening interval is safe for women with negative HPV/Pap 
co-testing results [50, 51]. Increased cumulative CIN3+ or 
carcinoma incidence for 5-year follow-up has been reported 
compared to those of 3-year follow-up periods [48, 49, 52, 53]. 
Whether the 5-year screening interval of HPV/Pap cytology 
co-testing implies a potentially suboptimal screening efficacy 
needs to be evaluated by more observatory clinical studies or 
clinical trials [54]. Nevertheless, it is rational to conclude that 
the screening efficacy of HPV/Pap co-testing is higher than 
that of Pap cytology test only which has been widely used in 
the USA for a long time.

 HPV Primary Screening

Indications In 2015, the first US guideline of HPV primary 
screening for cervical cancer prevention was issued [12]. 
Shortly before the recommendation, the US FDA approved 
the Cobas HPV assay (Roche Diagnostics, Indianapolis, IN), 
one of the commercially available HPV testing assays, as a 
primary cervical cancer screening method. For cervical cancer 
screening, this is a milestone that may transform cervical 
cancer prevention from the primarily Pap cytology-based 
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screening, widely used in the USA for more than half a 
century, to HPV-based molecular screening.

Advantages The randomized clinical trials in Europe and 
observational studies in the USA provided evidences 
supporting HPV primary screening for cervical cancer 
prevention [52, 53, 55–57]. It is rational to replace Pap cytology 
test-only screening by HPV primary screening because HPV/
Pap cytology co- testing presently has not completely replaced 
Pap cytology test-only screening in the USA and there is no 
recommendation for HPV/Pap cytology co-testing in Canada 
and the European countries [58]. The obvious advantages of 
HPV primary screening include its significantly improved 
simplicity and reduced costs compared to Pap/HPV co-testing 
with only a small percentage of HPV-positive women needing 
the additional Pap test triage and follow-up. As a result, an 
increased reproducibility of cervical cancer screening is 
expected. HPV16/18 genotyping integrated in the HPV 
primary screening algorithm has a clear advantage in 
predicting more clinically relevant cases of CIN3+ associated 
with HPV16/18.

Concerns The FDA approval and the ASCCP guideline for 
HPV primary screening in the USA raised controversy [59]. 
The major concern is the possible false-negative HPV test 
results in cervical cancer [60, 61]. The relatively lower HPV 
sensitivity for detecting cervical cancer can be attributed to 
the low HPV copy numbers in carcinoma that may fall below 
the detection cutoff of the commercially available HPV assays 
[62, 63]. The clinical implications of the negative HPV results 
in patients with cervical carcinoma are not clear. There are 
few published data showing the rate of CIN3+ detected by 
Pap cytology test but missed by HPV testing. Consequently, to 
evaluate the efficacy and the safety of HPV primary screening, 
it is necessary to document the incidence of CIN3+ cases 
detected by Pap test but missed by HPV test. More clinical 
studies/trials are required to conclude whether HPV primary 
screening is more efficient than or equivalent to HPV/Pap 
cytology co-testing for cervical cancer screening.
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 Special Issues of HPV Testing in Conjunction 
with Pap Cytology Test

 Women with a Pap Cytology Test Result 
of Abnormal Squamous Cells of Undetermined 
Significance (ASCUS)

Indications In conjunction with Pap cytology, reflex HPV 
testing is recommended for a small percentage of women with 
mildly abnormal Pap test results, i.e., ASCUS (Table 10.1). In 
2002, ASCCP issued the first guidelines to incorporate HPV 
testing for cervical cancer screening [64]. The guidelines 
recommended the use of HPV testing as a preferred strategy 
for the triage of women with ASCUS Pap results.

Advantages The ASCUS/LSIL Triage Study (ALTS) and a 
recently published observational study, the Kaiser Permanente 
Northern California (KPNC) study, showed that the risk of 
CIN3+ in women with ASCUS/HPV+ testing was significantly 
higher [65, 66].

Concerns The HPV-positive rate in women with ASCUS is 
age- dependent with the HPV-positive rate declining from 
younger women (21–29 years) to older women (30–65 years) in 
different clinical settings [66–70]. The sensitivity for predicting 
CIN2+ decreased in older compared to younger women [67, 
71]. It is possible that the decreased clinical sensitivity for 
CIN3+ in women with ASCUS in older age groups is associated 
with cervical atrophy that can cause suboptimal Pap sampling 
and/or reduced HPV copy numbers in older women [62, 72].

 Women with Pap-Negative/HPV-Positive 
Co-testing Result

Indications When HPV/Pap cytology co-testing or HPV 
primary screening with reflex Pap cytology testing is used for 
cervical cancer screening, there is a small percentage of women 
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with HPV- positive/Pap-negative test results [73]. Current 
recommendation is genotyping test for HPV16 or both HPV16 
and HPV18 or repeating HPV/Pap co-testing in 12 months to 
determine if further evaluation by colposcopy is required [16].

Advantages Women with HPV16-positive testing results 
have a significantly higher risk for CIN3+ than women with 
non-HPV16 hrHPV results [7, 20–25]. In the long-term 
follow-up studies, the risk of CIN3+ was also significantly 
higher in women with a positive HPV16/18 genotype than in 
those with non-16/18 hrHPV genotypes [7, 19, 24]. Clinically, 
reflex HPV16/18 genotyping for women with HPV-positive/
Pap-negative co- testing results may improve the efficacy of 
cervical cancer screening [21, 74–76]. These findings support 
the clinical utility of reflex HPV16/18 genotyping in women 
with HPV- positive/Pap-negative co-testing results.

Concerns Because HPV16-associated CIN3+ accounted for 
74–77% of these cases in North America [8], there is a certain 
risk for CIN3+ in women with a negative reflex HPV16/18 
genotyping results. To detect non-16/18 hrHPV-associated 
CIN3+/VAIN3+, an annual follow-up HPV/Pap co-testing is 
still necessary.

 HPV Testing Assays and Validation

To date, a total of seven commercially available HPV testing 
assays under five commercial brand names were approved by US 
FDA for cervical cancer screening (Table 10.2). For hrHPV test-
ing, the assays are designed to collectively test 13–14 hrHPVs.

 1. Hybrid Capture 2 (HC2, Qiagen, Valencia, CA): HC2 is the 
first FDA-approved HPV testing assay that has been widely 
used in the USA in ThinPrep Pap cytology specimens with 
extensive published technical and clinical studies including 
several large clinical trials [55, 78, 79]. HC2 is a non-PCR-
based HPV assay with a unique design of RNA-DNA 
hybridization for 13 high-risk HPV types. Even though HC2 
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HPV assay lacks both internal control for specimen  adequacy 
determination and the capability of HPV16/18 genotyping, it 
is still the benchmark being used for HPV assay validation 
and to compare for the HPV testing efficacy.

 2. Cervista HPV HR and Cervista HPV16/18 assays (Hologic, 
Marlborough, MA): These two HPV assays are also non- 
PCR- based HPV testing assays in ThinPrep Pap cytology 
specimens with unique design to detect hrHPVs and 
approved by the FDA. These assays have the advantage of 
internal control and the capability of HPV16/18 genotyping 
(Table 10.2). The disadvantage of the Cervista HPV assays is 
that HPV16/18 genotyping and hrHPV testing are not in a 
single testing platform and need to be tested separately.

Table 10.2 The US FDA-approved HPV testing assays

HC2a

Cervista 
HPV

Aptima 
HPV

Cobas 
HPV

BD Onclarity 
HPV

PCR-based No No Yes Yes Yes

Amplification Signal Signal E6, E7 
RNA

E6, E7 
DNA

E6, E7 DNA

HPV 
detectionb

13 
types

14 types 14 types 14 types 14 types

HPV 
genotyping

No HPV16, 
18

HPV16, 
18, 45

HPV16, 
18,

HPV16, 18, 45

Internal 
controls

No Yes Yes Yes Yes

Equivocal 
zone

Yes No No No No

Company Qiagen Hologic Hologic Roche Becton, 
Dickinson 
and Company

Reprinted and updated by permission from Springer Nature, Ge and 
Guo [77], © 2017
aHybrid Capture 2
bHPV types:
13 high-risk HPV types: HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68
14 high-risk HPV types: HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 
59, 66, 68
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 3. Cobas HPV assay (Roche Diagnostics, Indianapolis, IN): 
Cobas HPV assay is an FDA-approved HPV assay for HPV/
Pap cytology co-testing and HPV primary screening 
(Table 10.3) in both ThinPrep and SurePath Pap specimens. 
The advantage of Cobas HPV assay is a highly automated 
and a robust test to provide HPV16/18 genotyping results 
and hrHPV results in the same platform that allows a spe-
cific triage for women with positive HPV16 or 18 during 
HPV primary screening. Cobas is a PCR-based HPV testing 
assay. The Cobas HPV was designed to have a completely 
sealed testing system and special chemical reaction design to 
eliminate potential cross contamination. An arbitrary cutoff 
was set for a positive result in order to exclude the less clini-
cally relevant cases. Cobas HPV assay is the first FDA-
approved HPV assay in SurePath Pap cytology specimens.

 4. Aptima HPV and Aptima HPV16 18/45 assays (Hologic, 
Marlborough, MA): The two HPV assays are the only HPV 

Table 10.3 Timeline of major clinical applications of HPV testing 
assays approved by the US FDA
Clinical 
applicationsa 2003 2009 2011 2015 2016 2018
Reflex for 
ASCUS

HC2b Cervista 
HR

Cobas, 
Aptima 
HPV 
16/18/45

Cobas
(Sure 
Path)

BD Onclarity
(SurePath)

HPV/Pap 
Co-testing

HC2b Cervista 
HR

Cobas, 
Aptima 
HPV

Cobas
(Sure 
Path)

BD Onclarity
(SurePath)

Reflex 
HPV16/18

Cervista 
HPV16/18

Cobas, 
Aptima 
HPV16/ 
18/45

Primary 
screening

Cobas Cobas
(Sure 
Path)

BD Onclarity
(SurePath)

Reprinted and updated by permission from Springer Nature, Ge and 
Guo [77], © 2017
aHPV testing assays unspecified for Pap cytology specimens were 
approved by FDA for ThinPrep Pap cytology specimen only
bHybrid Capture 2
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testing assays designed to target HPV mRNA.  Since 
mRNAs are reliable indicators of active E6/E7 transcrip-
tion, the HPV E6 or E7 mRNA detected by Aptima HPV 
assays is considered more clinically relevant than HPV 
DNA in predicting CIN3+. Aptima HPV assays are highly 
automated with the ability to detect HPV16, HPV18, and 
HPV45 genotypes. However, a separate test is required for 
HPV16/18/45 genotyping.

 5. BD Onclarity HPV assay (Becton, Dickinson and Company, 
Sparks, MD): This HPV detecting assay was recently 
approved by the US FDA for cervical cancer screening in 
SurePath Pap cytology specimen, including HPV/Pap cytol-
ogy co-testing and HPV primary screening. Similar to 
Cobas, Onclarity has an arbitrary cutoff set for a positive 
result in order to exclude the less clinically relevant cases. 
Onclarity HPV assay is highly automated, robust assay pro-
viding results of 11 hrHPV and HPV16, 18, and 45 geno-
types on the same test run. For cervical specimen collected 
in SurePath medium, Onclarity HPV assay is an alternative 
choice to Cobas HPV assay for HPV testing.

To date, the FDA approved most of HPV testing assays 
specifically in ThinPrep Pap cytology, which is one of the 
liquid- based Pap cytology tests used in the USA. In 2016 and 
2018, FDA approved Cobas HPV assay and BD Onclarity 
HPV assay for SurePath Pap specimen, respectively 
(Table 10.3). Although both ThinPrep and SurePath Pap tests 
are FDA-approved Pap cytology assays for cervical cancer 
screening, SurePath Pap cytology showed a significantly 
lower unsatisfactory rate than ThinPrep for Pap cytology test-
ing [80]. Validation studies involving a comparative analysis 
with a clinically validated HPV testing assay in the same 
screening population are necessary for “off-label” use of 
HPV testing in SurePath specimens. HC2 HPV assay was 
considered as a reference standard [81]. To date, published 
validation studies for SurePath were limited. The only pub-
lished clinical trial study using the dual Pap cytology sampling 
method with ThinPrep and SurePath Pap demonstrated 
comparable HC2 clinical sensitivities between SurePath and 
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ThinPrep for CIN2/3 [82]. In this study, SurePath Pap showed 
a lower failure rate of DNA extraction for HPV testing as 
compared to ThinPrep. The failure rates of DNA extraction in 
either ThinPrep or SurePath Pap specimens for HPV testing 
and its impact on HPV testing have not been adequately 
reported and need to be studied. With the advance of HPV 
detection technology and FDA-approved HPV testing assays 
for SurePath Pap cytology specimens on the market, more 
options of HPV testing assays are available for cervical can-
cer screening. It becomes critical to choose the HPV testing 
assay that fits specific clinical demands in practice.
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transbronchial needle aspiration
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EGFR epidermal growth factor receptor
ENB electromagnetic navigational 

bronchoscopy
ERBB2 erb-b2 receptor tyrosine kinase 2 

(HER2)
FFPE formalin-fixed paraffin-embedded
FGFR1–4 Fibroblast growth factor receptor 1–4
FISH fluorescence in situ hybridization
FNA fine-needle aspiration
IASLC/ATS/ERS International Association for the Study 

of Lung Cancer/American Thoracic 
Society/European Respiratory Society

IHC immunohistochemistry
KIT KIT proto-oncogene receptor tyrosine 

kinase
KRAS Kirsten rat sarcoma viral oncogene 

homolog
MEK1 mitogen-activated protein kinase 

kinase 1
MET MET proto-oncogene, receptor tyro-

sine kinase
MTOR mechanistic target of rapamycin
NCCN National Comprehensive Cancer 

Network
NF1 Neurofibromin 1
NGS next-generation sequencing
NRAS neuroblastoma RAS viral oncogene
NRG1 Neuregulin 1
NSCLC non-small cell lung cancer
NTRK1–3 neurotrophic tyrosine kinase receptor, 

type 1–3
PCR polymerase chain reaction
PD-1 programmed cell death protein 1 

(CD279)
PD-L1 programmed death-ligand 1 (CD274)
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PDGFRA platelet-derived growth factor receptor 
alpha

PIK3CA phosphatidylinositol-4,5-bisphosphate 
3-kinase catalytic subunit alpha

RET proto-oncogene tyrosine-protein 
kinase receptor Ret

RIT1 Ras-like without CAAX 1
ROS1 ROS proto-oncogene 1, receptor tyro-

sine kinase
TKI tyrosine kinase inhibitor
TPS tumor proportion score
TSC1/2 tuberous sclerosis 1/2 (TSC1)

Key Terminology

Biomarker According to the NIH Biomarkers 
Definitions Working Group, a bio-
marker is any objectively measurable 
characteristic that can be used as an 
indicator of normal biological pro-
cesses, pathogenic processes, or a phar-
macological response to a therapeutic 
intervention

Driver mutation Driver mutation refers to somatic alter-
ations in genes (including point muta-
tions, insertions/deletions, and gene 
fusions) that are responsible for the 
development and progression of 
cancer

Immunotherapy According to the NCI dictionary of 
cancer terms, immunotherapy is a type 
of therapy that uses substances to stim-
ulate or suppress the immune system to 
help the body fight cancer
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 Introduction

Despite the significant advances witnessed over the past few 
decades in lung cancer screening, diagnosis, and treatment, 
lung cancer remains the leading cause of cancer death in both 
men and women, with 2018 estimates accounting for over a 
quarter of all cancer-related deaths in the United States [1]. 
Over this time, the medical community has seen an increasing 
reliance on minimally invasive tissue sampling techniques for 
the diagnostic work-up of lung cancer, including both trans-
thoracic CT-guided needle biopsies as well as various bron-
choscopic-based modalities including EBUS-TBNA and 
ENB.  As such, cytology and small biopsy specimens have 
become the primary modality for establishing a pathologic 
diagnosis of lung cancer. On these specimens, traditional cyto-
morphologic assessment in conjunction with lineage-specific 

Key Points

• Molecular and ancillary biomarker testing in lung 
cancer is a rapidly evolving field, with new testing 
targets emerging on a regular basis

• Molecular and ancillary biomarker testing has become 
standard of care in the work-up of advanced-stage 
NSCLC to direct appropriate choice of therapy

• Guideline recommendations issued by various groups 
have broadly outlined the requirements for molecular 
testing, including which targets to test, how to test 
them, and how the results should be reported

• Immune checkpoint inhibitor therapy has emerged 
as an important therapeutic modality in NSCLC, and 
as such routine PD-L1 biomarker testing has also 
become standard of care

• Cytology specimens by and large have been shown to 
be adequate testing substrates in the setting of 
NSCLC
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immunohistochemical stains can lead to a precise diagnosis in 
the majority of cases, differentiating lung adenocarcinomas 
from squamous cell carcinomas and neuroendocrine tumors, 
among others. This is reflected in the increased emphasis 
placed on these cytology and small biopsy specimens in the 
2011 IASLC/ATS/ERS classification system for lung adeno-
carcinomas as well as the most recent 2015 edition of the 
WHO classification system for tumors of the lung [2, 3].

Over the past decade, it has been increasingly appreciated 
that ancillary molecular testing performed on these cytology 
and small biopsy specimens is necessary in order to identify 
potentially targetable oncogenic driver mutations and assess 
for biomarkers that can help direct therapeutic decisions by 
the treating oncologist. Indeed, in patients with advanced-
stage non-small cell lung cancer that have an actionable 
driver mutation identified, treatment with the appropriate 
targeted therapy leads to improved overall survival compared 
to standard cytotoxic chemotherapy [4]. Therefore, the cytol-
ogist and the cytopathology laboratory now play a critical 
role for streamlining the pre-analytic factors that can impact 
ancillary biomarker testing of NSCLC tumor samples [5].

Given the clinical implications that molecular testing has 
on directing subsequent oncologic care for patients with 
NSCLC, guidelines have been put forth in recent years by 
varying professional societies on the subject. The most com-
prehensive and widely adopted guidelines for the molecular 
testing of lung cancer specimens was issued in 2013 by the 
CAP/IASLC/AMP [6] and recently updated in 2018 [7]. These 
updated guidelines have been endorsed by ASCO with minor 
modification (discussed later) [8]. Additionally, the  NCCN 
clinical practice guidelines in oncology outline recommenda-
tions for molecular and biomarker analysis in NSCLC [9], and 
more specialized societies such as the Papanicolaou Society of 
Cytopathology have also published guidelines on the topic 
[10]. In general, there is overall consensus on the clinically 
necessary targets that should be tested and how they should 
be tested, with differences between guidelines largely attrib-
uted to the timing of guideline publication given the rapid 
biomedical advances in the ever-evolving field thoracic 
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 oncology. This chapter will  provide a broad summary of these 
molecular testing guideline recommendations with particular 
attention paid to the implications for cytology specimens and 
the cytopathology laboratory. In general, the focused sum-
mary below will largely stem from the  CAP/IASLC/AMP 
guidelines [6, 7] with notation for when other guideline rec-
ommendations may significantly differ.

 Molecular Testing in NSCLC

Although the oncologic management of patients with lung 
cancer is increasingly reliant on characterizing the genomic 
alterations and biomarker phenotype, it is important to rec-
ognize that the pathologic tumor categorization based on 
cytomorphology and immunohistochemical staining profile 
remains the cornerstone for treatment decisions. In most 
cases, before proceeding to ancillary testing, a firm diagnosis 
of lung adenocarcinoma, squamous cell carcinoma, or neuro-
endocrine carcinoma (carcinoid, atypical carcinoid, large cell 
neuroendocrine carcinoma, or small cell carcinoma) should 
be established. Classic cytomorphologic features, in conjunc-
tion with immunostains such as TTF-1 and napsin A (adeno-
carcinoma), p40 and CK5/6 (squamous cell carcinoma), or 
TTF-1 and synaptophysin/chromogranin/CD56 (neuroendo-
crine tumors), can very accurately classify tumors on cytology 
specimens, as extensively covered elsewhere [2, 3, 11]. This 
initial characterization is important, as testing algorithms are 
largely designed around tumor classification.

 What Specimens Should Be Tested?

In general, it has become standard of care to test all advanced-
stage NSCLCs (i.e., patients who are not surgical candidates) 
and not limit testing to only patients with suggestive clinical 
features (such as never smokers, younger patients, and 
females). Because the overwhelming majority of 
targetable driver mutations have been identified in lung 
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adenocarcinomas, the recommendation is to test all 
advanced-stage non-squamous, NSCLC specimens. However, 
because of the possibility of tumor heterogeneity especially 
given limited sampling from cytology or small biopsy 
specimens, the updated CAP/IASLC/AMP guidelines 
acknowledge that “physicians may use molecular biomarker 
testing in tumors with histologies other than adenocarcinoma 
when clinical features indicate a higher probability of an 
oncogenic driver,” such as never smoker or young age. 
Essentially, minimizing the tumor types that should not be 
tested helps ensure the maximum number of targetable 
mutations is identified in the most efficient manner possible.

Although traditionally molecular testing has been primar-
ily run and validated on FFPE tissue (i.e., surgical pathology 
biopsies or cytology cell block specimens), the updated CAP/
IASLC/AMP guidelines now acknowledge that any cytology 
sample with adequate cellularity and preservation can be 
tested. More specifically, both the NCCN guidelines and the 
adapted ASCO guidelines specify that cytologic smears (such 
as those generated during FNA or rapid on-site specimen 
evaluation) can be used for molecular testing. The caveat to 
which is that few commercial laboratories accept direct 
smears for testing at the moment, and specific validation of 
the specimen type should be performed by the testing labora-
tory (be it in-house or send-out).

 How Quickly Should the Testing Results 
Be Available?

From the clinician’s perspective, the sooner the better! 
Treatment plans are often kept on hold until the treating 
oncologist has knowledge of the tumor genotype. Indeed, a 
recent study demonstrated that less than 20% of lung cancer 
patients had their tumor molecular testing results available to 
the medical oncologist at the time of first oncologic consulta-
tion; those patients who did have molecular testing results 
available had significantly shorter time intervals to treatment 
choice and treatment start than those patients who were still 
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waiting for the testing results [12]. The CAP/IASLC/AMP 
guidelines recommend the following testing turnaround time 
benchmarks:

• Testing results should be available within 2  weeks (10 
working days) of receiving the specimen in the testing 
laboratory.

• Laboratory departments should establish processes to 
ensure that specimens that have a final histopathologic 
diagnosis are sent to outside molecular pathology labora-
tories within 3 working days of receiving requests and to 
intramural molecular pathology laboratories within 24 h.

These testing intervals can pose a logistical challenge, 
especially in the send-out testing setting, when considering all 
the steps that can contribute to delays in the process above 
and beyond the primary testing/analytic phase (such as block 
retrieval, specimen packaging and transport, accessioning, 
and report generation). There is some evidence to indicate 
that these benchmarks can be met when a streamlined pro-
cess is in place, and ongoing monitoring of individual compo-
nents can prove to be a valuable quality assurance measure 
that cytopathology laboratories employ [13, 14].

 How Should the Molecular Targets Be Tested?

Traditionally, molecular testing has relied on a one gene-one 
assay model, with separate reactions/tests run for each target. 
However, for small biopsy or cytology specimens with a lim-
ited amount of tumor material, this approach may not be 
sustainable as new testing targets emerge. As such, although 
single-gene assays for the Tier 1 targets (described below) are 
still recommended as a viable first step, the field is rapidly 
moving toward multiplexed genetic sequencing panels as the 
preferred testing modality over multiple single-gene tests in 
order to provide the breadth of genomic information required 
for treatment with approved therapy, emerging therapies, or 
enrollment in clinical trials. For some genomic targets, IHC or 
FISH remains a viable testing alternative to molecular tech-
niques, such as for ALK and ROS1 [7].
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 Which Targets Should Be Tested?

The most recent iteration of the guidelines stratifies molecu-
lar targets in a tiered system, summarized in Table 11.1. The 
top tier represents the “must test” group of genes, as these 
have proven and FDA-approved therapies. This tier includes 
EGFR, ALK, and ROS1 (with ASCO and the NCCN guide-
lines also including BRAF in this mandatory test group). The 
second tier or category of molecular targets are those that 
should be tested as part of an extended panel, either initially 
along with the Tier 1 targets or if the initial Tier 1 target test-
ing reveals no actionable mutations. These “should test” tar-
gets include MET (specifically the MET exon 14 splicing 
mutation), RET, ERBB2 (HER2), and KRAS. The former 
three show promising results from late-stage clinical trials 
with respect to response to targeted therapies, and KRAS 
mutations if present predict resistance to TKI therapy. Finally, 
the third tier includes all other emerging genomic alterations 
that have potential for treatment with targeted therapies, 
largely in the clinical trial setting. This growing list of “may 
test” targets include but are not limited to MEK1/MAP2K1, 

Table 11.1 Current tiered framework for molecular testing targets 
in NSCLC
Tier 1

“Must test”

Tier 2

“Should test”

Tier 3

“May test”

EGFR
ALK
ROS1
BRAF

ERBB2/HER2
MET
RET
KRAS

MEK1/MAP2K1
FGFR 1–4
NTRK1–3
NRG1
RIT1
NF1
PIK3CA
AKT1
NRAS
MTOR
TSC1–2
KIT
PDGFRA
DDR2
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FGFR 1–4, NTRK1–3, NRG1, RIT1, NF1, PIK3CA, AKT1, 
NRAS, MTOR, TSC1–2, KIT, PDGFRA, and DDR2, among 
others. Over time, as FDA drug approvals follow successful 
clinical trial results that highlight effective therapeutic options 
for these emerging molecular targets, there should be an esca-
lator effect in these tier classifications, with “may test” targets 
becoming “should test” and the “should test” targets being 
elevated to “must test” status.

 What Is the Expected Frequency of Genomic 
Alterations in NSCLC?

The prevalence of these driver mutations in NSCLC varies 
depending on clinical variables such as age, gender, ethnicity, 
and smoking status [15, 16]. However, based on data com-
piled from 6 large studies with a cumulative total of over 
25,000 NSCLCs sequenced, the average percentages for each 
of the 8 major genomic alterations included in the Tier 1 and 
Tier 2 groups is presented in Fig. 11.1 [17–22]. A brief discus-
sion of each of these targets follows.

 EGFR

EGFR is a member of the ErbB family of transmembrane 
receptor tyrosine kinases that regulate proliferation and 
apoptosis. Oncogenic driver mutations localize to the tyro-
sine kinase domain, most clustering in exons 19 and 21. 
Approximately 85% of EGFR activating mutations are the 
L858R exon 21 mutation and exon 19 small in-frame dele-
tions [23]. A number of approved tyrosine kinase inhibitors 
(TKIs) including erlotinib, afatinib, and gefitinib have shown 
efficacy in treating patients with sensitizing EGFR mutations; 
however, disease progression is usually seen after 9–12 months 
of treatment, most often secondary to the acquisition of a 
secondary T790M missense mutation in exon 20 that can be 
treated with osimertinib, a third-generation, irreversible, 
EGFR TKI [24]. EGFR mutational testing should be done 
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using sequencing or PCR-based techniques, and the updated 
CAP/IASLC/AMP guideline recommendations state “it is 
not appropriate to use IHC for EGFR mutation testing” [7].

 ALK

ALK is a member of the insulin-receptor tyrosine kinase 
family. In lung cancer ALK on chromosome 2 can undergo 
gene fusion (most frequently with echinoderm microtubule-
associated protein-like 4, EML4), leading to a constitutively 
active EML4-ALK fusion protein driving cell division and 
growth pathways. A growing number of approved oral 
small-molecule inhibitor TKIs including crizotinib, alectinib, 

Expected frequencies of main oncogenic genomic alterations in NSCLC
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Figure 11.1 Frequency of main oncogenic genomic alterations in 
NSCLC. Values (average and range) are based on reported muta-
tion or gene rearrangement frequencies compiled from six large 
scale studies [17–22]. The Tier 1 genomic alterations are denoted in 
green, the Tier 2 targets in gold, and the remaining Tier 3 targets (or 
no genomic alterations identified) in red
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ceritinib, lorlatinib, and brigatinib show efficacy in treating 
patients whose tumors harbor an ALK gene rearrangement. 
Biomarker testing for ALK gene rearrangements have tra-
ditionally relied on FISH testing (most notably the Vysis 
ALK break apart FISH probe set, Abbot Labs), and ALK 
FISH testing when properly validated can be successfully 
applied to cytology specimens [25]. ALK gene rearrange-
ment biomarker testing can also be performed by IHC, as 
stated in the most recent CAP/IASLC/AMP testing guide-
lines: “based on published evidence with 5A4 and D5F3 
monoclonal antibodies, properly validated IHC assays are 
an equivalent alternative to ALK FISH” [7]. To date, a num-
ber of studies have been published indicating that cytology 
specimens (including ThinPrep slides, direct smears, and cell 
blocks) may be used as substrates for ALK IHC assays as 
quick and relatively inexpensive alternatives to the standard 
FISH assay [26–28]. As with EGFR-mutated tumors, resis-
tance mechanisms eventually develop in ALK-rearranged 
tumors, due to either ALK-dependent mechanisms (such as 
ALK kinase secondary mutations) or ALK-independent 
mechanisms. Tumor re-biopsy with reverse transcription 
polymerase chain reaction (RT-PCR) or sequencing can 
identify secondary point mutations that can help direct 
choice of appropriate second- or third-generation ALK 
TKIs [29].

 ROS1

Like ALK, ROS1 on chromosome 6 encodes a receptor tyro-
sine kinase from the insulin-receptor family and can undergo 
gene rearrangements with a large number of gene targets 
including SLC34A2, CD74, TPM3, SDC4, EZR, LRIG3, 
KDELR2, CCDC6, CLTC, LIMA1, MSN, and TMEM106B 
[30]. The resulting constitutively active kinase signaling of the 
ROS1-fusion protein drives pathways in cell proliferation, cell 
survival, and cell migration. Tumors with ROS1 gene 
 rearrangements show response to the multi-target TKI 
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crizotinib, currently approved by the FDA as first-line 
treatment in advanced-stage ROS1-rearranged NSCLCs. 
Currently testing for ROS1 fusions can be achieved through 
RT-PCR/sequencing techniques for known fusion partners, 
FISH break-apart probe testing for ROS1 rearrangements, or 
ROS1 IHC. According to the most recent CAP/IASLC/AMP 
guidelines, any of these methods can be used as screening 
tests in lung adenocarcinoma patients, though a positive 
ROS1 IHC result should be confirmed by molecular or cyto-
genetic methods [7]. Cytology specimens can serve as ade-
quate substrates for ROS1 FISH testing if properly validated 
[25], and a recent study on ROS1 IHC suggests that cytology 
cytospins and direct smears can be used when screening for 
ROS1 gene rearrangements by IHC [31]. As with ALK, resis-
tance to crizotinib eventually develops in virtually all patients 
with ROS1-rearranged tumors, and subsequent RT-PCR/
sequencing testing may be useful in identifying secondary 
point mutations that can be treated with other and emerging 
TKIs, such as lorlatinib or cabozantinib [29, 32].

 BRAF

Unlike the cell surface tyrosine kinases EGFR, ALK, and 
ROS1, BRAF is an intracellular protein kinase involved in 
the MAP kinase signal transduction pathway. In addition to 
NSCLC, BRAF mutations are encountered in a number of 
malignancies including melanoma, colorectal carcinoma, pap-
illary thyroid carcinoma, and others. The most commonly 
encountered activating driver mutation is the V600E (valine 
to glutamate substitution at amino acid position 600 resulting 
from a 1799 T > A point mutation). NSCLCs that harbor a 
BRAF V600E mutation respond to the FDA-approved dual 
small-molecule inhibitory therapy of dabrafenib (BRAF 
inhibitor) and trametinib (MEK inhibitor). BRAF testing can 
be performed using PCR/sequencing based methods as well 
as using IHC with the VE1 clone, though there are no 
 published studies to date on the use of BRAF VE1 IHC on 
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lung cancer cytology specimens. As an expert consensus 
opinion from the most recent CAP/IASLC/AMP testing 
guidelines, “BRAF molecular testing is currently not indi-
cated as a routine stand-alone assay outside the context of a 
clinical trial. It is appropriate to include BRAF as part of 
larger testing panels performed either initially or when rou-
tine EGFR, ALK, and ROS1 testing is negative [7].” However, 
both the ASCO endorsement statement on the recent 
CAP/IASLC/AMP guidelines as well as the NCCN 
recommendations both elevate BRAF to the same “must 
test” status of EGFR, ALK, and ROS1.

 MET

The MET proto-oncogene is a cell surface receptor tyrosine 
kinase for hepatocyte growth factor (ligand) that activates 
cell signaling pathways for cell survival, migration, prolifera-
tion, and epithelial-mesenchymal transition. Genomic altera-
tions in NSCLC for MET include gene amplification, 
activating point mutations in the tyrosine kinase domain, or 
splice mutations such as the exon 14 skipping mutation which 
interrupts the ubiquitin-mediated degradation of this protein 
[7]. Although no FDA-approved therapy currently exists for 
MET amplification or exon 14 skipping mutations, the multi-
target TKI crizotinib does show efficacy in these tumors [33]. 
MET exon 14 testing can be done by single-gene sequencing 
or as part of an expanded NGS panel, the latter preferred 
given the large number and complexity of exon 14 splice sites. 
MET amplification can be tested via FISH or IHC. MET is 
currently classified as a Tier 2 genomic target, with the expert 
consensus opinion from the most recent CAP/IASLC/AMP 
testing guidelines stating that “MET molecular testing is not 
indicated as a routine stand-alone assay outside the context 
of a clinical trial. It is appropriate to include MET as part of 
larger testing panels performed either initially or when rou-
tine EGFR, ALK, and ROS1 testing is negative” [7].
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 RET

RET is a proto-oncogene that encodes for a cell surface 
receptor tyrosine kinase that is involved in signaling path-
ways for cellular proliferation, cellular migration, and differ-
entiation. In NSCLC, RET gene fusions involve multiple 
gene targets (most frequently KIF5B), which result in consti-
tutive activation of the RET signaling pathways [34]. Although 
no RET-specific inhibitor has been developed, trials are 
ongoing to determine the efficacy of current multi-target 
TKIs in treating RET-rearranged NSCLCs. Testing for RET 
rearrangements is best achieved via FISH- or RT-PCR-based 
methods, since, unlike ALK and ROS1, current IHC methods 
appear to be not sufficiently reliable to detect RET rear-
rangements [7, 34].

 ERBB2

The human epidermal growth factor receptor 2 (ERBB2; 
HER2) has long been associated with oncogenesis in breast 
and gastric cancer but has more recently emerged as an onco-
genic driver in NSCLC as well. Oncogenic alterations of the 
plasma membrane-bound receptor tyrosine kinase include 
gene amplification as well as exon 20 insertions, the latter 
likely playing a larger role in NSCLC [30]. These alterations 
can be either primary genomic alterations in NSCLC or can 
arise as secondary events as resistance mechanisms in patients 
with EGFR mutations following targeted therapy [7]. Clinical 
trials are ongoing for treating NSCLC with ERBB2 altera-
tions with targeted agents including trastuzumab and afatinib 
[9]. Currently classified as Tier 2 status, ERBB2 testing in 
NSCLC is largely PCR/sequencing based and is focused on 
sequence alterations, specifically insertions and duplications 
in exon 20. ERBB2 amplification can also be assayed by 
FISH, though screening via IHC is not recommended at this 
time.
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 KRAS

In contrast to the previously discussed genomic alterations in 
NSCLC that tend to occur in never-smokers, mutations in the 
KRAS gene are much more common in patients with NSCLC 
with a smoking history. KRAS is a GTPase that is involved in 
the MAP-kinase (BRAF/MEK/ERK) and phosphoinositide-
3-kinase (PI3K) signaling pathways, with point mutations 
most commonly in codon 12 leading to continuous prolifera-
tive signaling due to impaired feedback regulation [30]. There 
are currently no specific targetable therapies for KRAS-
mutated NSCLCs, and at this time, testing for KRAS is only 
useful insomuch that most of these oncogenic driver muta-
tions are mutually exclusive (i.e., a tumor harboring a KRAS 
mutation is unlikely to also have a targetable driver muta-
tion) [7]. Testing for KRAS mutations is generally done via 
PCR-based methods or as part of a larger NGS type panel.

 Other Targets in NSCLC

With the use of CGP utilizing panels with hundreds or thou-
sands of assayed genes, the list of rare (generally about 1% or 
less of all NSCLC) gene mutations continues to grow. The list 
includes AKT1, NF1, PIK3CA, NRAS/HRAS, 
MAP2K1(MEK1), STK11, MYC, RICTOR, CDK4/CCND1, 
BRCA1/2, NTRK1/NTRK3, TSC1/2, FGFR1/2, CDKN2A, 
PTEN, and RIT1, among others [7]. At this point, the clinical 
significance of mutations identified in these gene targets is 
not entirely clear, though preclinical and clinical trials are 
ongoing to identify potential targetable therapeutics for lung 
cancers harboring these mutations.

 Immune Checkpoint Inhibitor Testing

The past decade has witnessed significant developments in 
the field of immunotherapy for NSCLC, which has emerged 
as a major therapeutic choice for tumors that do not harbor a 
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targetable driver mutation. To date, the FDA-approved 
immune checkpoint inhibitor drugs for NSCLC primarily 
target the programmed death ligand-receptor axis (PD-L1/
PD-1) and in optimally selected patient populations demon-
strate superior response rates, survival, and toxicity profiles as 
compared to conventional chemotherapy [35]. The biomarker 
selection relies on the assessment of PD-L1 expression via 
IHC on tumor cells (or in some instances on tumor infiltrat-
ing immune cells as well). Different cutoff values for the 
tumor proportion score (TPS), or the percentage of tumor 
cells showing partial or complete membranous staining of 
any intensity for PD-L1, for a given lung cancer biopsy/speci-
men is used to determine which patients are most likely to 
respond to immune checkpoint inhibitor therapy. Currently, 
there are five different drugs that are either FDA-approved 
or are in late-stage clinical trials for treatment of NSCLC, and 
each drug has a paired assay consisting of a different antibody 
clone, run on different staining platforms, and different clini-
cal cutoff definitions of positivity (Table  11.2) [36–38]. This 
testing complexity is problematic for clinicians and pathology 

Table 11.2 PD-L1 immune checkpoint inhibitor drugs, paired IHC 
assays, and scoring data for NSCLC (as of 2018)

Drug

Biomarker 
assay

Antibody 
information

IHC 
platform Scoring criteria

Nivolumab
(Anti-PD-1)

28–8
Rabbit anti-
PD-L1
Epitope: 
extracellular 
domain

DAKO 
pharmDx/
Link 48 
Autostainer

1st line ≥ 50% 
TPS (no testing 
if with platinum 
doublet chemo)
Second 
line ≥ 1% TPS

Pembrolizumab
(Anti-PD-1)

22C3
Mouse anti-
PD-L1
Epitope: 
extracellular 
domain

DAKO 
pharmDx/
Link 48 
Autostainer

1st line ≥ 50% 
TPS
Second 
line ≥ 1% TPS

(continued)
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laboratories alike, which has led to many ongoing studies to 
compare staining characteristics across the different plat-
forms in the hopes to develop some levels of cross-test com-
parability [39, 40].

Table 11.2 (continued)

Drug

Biomarker 
assay

Antibody 
information

IHC 
platform Scoring criteria

Atezolizumab
(Anti-PD-L1)

SP142
Rabbit anti-
PD-L1
Epitope: 
intracellular 
domain

Ventana 
BenchMark 
Ultra

2nd line (no 
testing needed)
TCs (TC0–3)
  1%, 5%, 50% 

cutoffs
TIICs (IC0–3)
  In tumor 

PD-L1+ 
areas, TICCs 
at 1%, 5%, 
10% cutoffs

Durvalumab
(Anti-PD-L1)

SP263
Rabbit anti-
PD-L1
Epitope: 
extracellular 
domain

Ventana 
BenchMark 
Ultra

Maintenance 
therapy for 
stage III 
following 
chemo/XRT 
(no testing 
needed)
PACIFIC phase 
III clinical trials
≥ 25% 
TPS (high 
expression)

Avelumaba

(Anti-PD-L1)
73-10
Rabbit anti-
PD-L1
Epitope: 
intracellular 
domain

DAKO 
platform

JAVELIN 
phase III 
clinical trials
Second 
line ≥ 1% TPS

aNot currently FDA approved for NSCLC. TC tumor cells, TIIC 
tumor-infiltrating immune cells, TPS tumor proportion score
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PD-L1 testing recommendations were not included in the 
2018 CAP/IASLC/AMP NSCLC molecular testing guide-
lines (though a separate guideline on the topic is being devel-
oped); however, the NCCN NSCLC guidelines recommend 
testing advanced-stage lung adenocarcinomas as well as lung 
squamous cell carcinomas for PD-L1 TPS [7, 9]. At this point 
PD-L1 testing has been only validated on FFPE tissue. There 
is some uncertainty whether cytology cell block specimens, 
and more so direct smears or other cytologic preparations, 
may serve as comparable testing substrates, though few stud-
ies have been recently published indicating that FFPE cytol-
ogy cell blocks may indeed be a comparable testing substrate 
for PD-L1 IHC just like other molecular tests currently done 
on these specimens [41–47]. Looking forward, it remains to 
be seen whether tumor mutation burden as estimated by 
NGS panel testing may actually emerge as a more reliable 
biomarker for selecting patients most likely to respond to 
immune checkpoint inhibitory therapy [48].

 Other Emerging Lung Cancer Tests

To date, the vast majority of molecular testing in NSCLC has 
focused on identifying specific genomic alterations in indi-
vidual genes to guide selection of targeted therapies for 
patients who are not surgical candidates. This testing is predi-
cated on having first established a pathologic diagnosis of 
lung cancer. However, not every pulmonary nodule identified 
radiologically is malignant, and there is oftentimes ambiguity 
over which patients should be followed with radiographic 
surveillance versus those who should progress to an invasive 
diagnostic procedure (with the associated morbidity and 
mortality risks they carry). Along these lines, a recently devel-
oped bronchial genomic classifier test has been developed 
[49], much akin to the Afirma genomic classifier test used for 
indeterminate thyroid nodules (see Chap. 12). Early clinical 
trials have shown this test to improve the diagnostic accuracy 
of bronchoscopy for suspected lung cancer, which may be 
helpful in identifying which lung nodules have a low likeli-
hood of malignancy, and therefore can be followed in a more 
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conservative fashion [49]. As the development of new molec-
ular biomarker tests has the potential for early detection of 
lung cancer and risk stratification of suspicious pulmonary 
nodules, the ATS recently issued a consensus statement for 
guidance on when to determining whether a molecular bio-
marker for the early detection of lung cancer is ready for 
clinical use [50].

 Conclusions

In summary, cytology specimens represent an increasingly 
important modality for diagnosis and ancillary testing in lung 
cancer and as such offer both special opportunities but also 
challenges with respect to how these specimens are utilized 
[51, 52]. The identification of oncogenic driver genomic 
alterations that can be targeted with specific therapeutic 
agents has ushered in the era of personalized medicine in 
lung cancer patients. The clinical success of these targeted 
therapies in appropriately selected patients has elevated the 
role of ancillary molecular testing to standard of care in 
patients with advanced-stage lung cancer. As such, the cyto-
pathologist and molecular pathologist have assumed a central 
role in guiding the care of patients with lung cancer.
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Abbreviations

ATA American Thyroid Association
AUS/FLUS Atypia of undetermined significance/follicu-

lar lesion of undetermined significance
BRAF v-raf murine sarcoma viral oncogene homo-

log B
CALCA Calcitonin-related polypeptide alpha
CEACAM5 Carcinoembryonic antigen-related cell adhe-

sion molecule 5
cPTC Classical papillary thyroid carcinoma
DNA Deoxyribonucleic acid
FN/SFN Follicular neoplasm/suspicious for follicular 

neoplasm
FNA Fine-needle aspiration
FTC Follicular thyroid carcinoma
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FV-PTC Follicular variant of papillary thyroid 
carcinoma

GC Genomic Classifier (for ThyroSeq v3)
GEC Gene Expression Classifier (for Afirma)
GSC Gene Sequencing Classifier (for Afirma)
HRAS HRas proto-oncogene, GTPase
KRAS Kirsten rat sarcoma viral oncogene homolog
KRT7 Cytokeratin 7
MAPK Mitogen-activated protein kinase
mRNA Messenger ribonucleic acid
MTC Medullary thyroid carcinoma
NIFTP Noninvasive follicular thyroid neoplasm with 

papillary-like nuclear features
NPV Negative predictive value
NRAS Neuroblastoma RAS viral oncogene
PI3K Phosphoinositide 3-kinase
PIK3CA Phosphatidylinositol-4,5-bisphosphate 

3-kinase catalytic subunit alpha
PPV Positive predictive value
PTC Papillary thyroid carcinoma
PTH Parathyroid hormone
RET-PTC1/3 Gene fusion between tyrosine kinase domain 

of RET (ret proto-oncogene) and CCD6 
gene (PTC1) or ELE1/RFG/NCOA4 gene 
(PTC3)

RNA Ribonucleic acid
ROC Receiver operating curve
SCG3 Secretogranin III
SCN9A Sodium voltage-gated channel alpha subunit 

9
SLC5A5 Solute carrier family 5 member 5 (also known 

as NIS [sodium/iodide symporter])
SYT4 Synaptotagmin 4
TBSRTC The Bethesda System for Reporting Thyroid 

Cytopathology
TCGA The Cancer Genome Atlas
TERT Telomerase reverse transcriptase
TG Thyroglobulin
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TP53 Tumor protein p53
TTF-1 Thyroid transcription factor 1 (gene name: 

NKX2–1)

Key Terminology

The Bethesda System for 
Reporting Thyroid 
Cytopathology (TBSRTC) Standardized reporting 

system for thyroid fine-
needle aspiration speci-
mens, consisting of six 
cytomorphology-based 
diagnostic categories. 
Each category is associ-
ated with an approximate 
risk of cancer, which may 
be used to guide subse-
quent management 
decisions

Driver mutation Refers to somatic altera-
tions in genes (including 
point mutations, inser-
tions/deletions, and gene 
fusions) that are respon-
sible for the development 
and progression of 
cancer

Gene expression profiling Analysis of the expres-
sion levels of a large 
panel of genes (mRNA) 
from cells/tissues, as a 
measure of the cells’ bio-
logic activity

Indeterminate cytology Refers to the diagnostic 
categories within 
TBSRTC that are neither 
clearly benign nor overtly 
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malignant based on cyto-
logic features. Three cat-
egories of TBSRTC are 
considered indetermi-
nate: atypia of undeter-
mined significance/
follicular lesion of unde-
termined significance 
(AUS/FLUS), follicular 
neoplasm/suspicious for 
follicular neoplasm (FN/
SFN), and suspicious for 
malignancy. Most of the 
ancillary molecular tests 
described in this chapter 
are geared toward 
improving risk stratifica-
tion among the lower-
risk cytologically 
indeterminate categories 
(AUS/FLUS and FN/
SFN)

microRNA Short (~22 nucleotide) 
noncoding RNA that 
influences gene expres-
sion at the posttranscrip-
tional level

microRNA expression profiling Analysis of the expres-
sion levels of a panel of 
microRNAs from cells/
tissues, as a measure of 
the cells’ biologic activity

Negative predictive value (NPV) For a medical test with a 
binary classification sys-
tem, NPV refers to the 
proportion of patients 
with a negative test result 
who do not have the 
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 disease; i.e., percentage 
of “true-negative” results 
among all (true- and 
false-)negative test 
results. Corresponds to 
posttest probability of 
benignity if the popula-
tion being tested has sim-
ilar prevalence of cancer 
as the cohort in which a 
test was validated

Noninvasive follicular thyroid 
neoplasm with papillary-like 
nuclear features (NIFTP) Indolent follicular cell-

derived thyroid neo-
plasm characterized by 
good demarcation, 
absence of invasive 
growth, follicular archi-
tecture, and nuclear 
atypia of papillary carci-
noma; these tumors were 
formerly classified as the 
noninvasive subset of the 
encapsulated follicular 
variant of papillary thy-
roid carcinoma

Positive predictive value (PPV) For a medical test with a 
binary classification sys-
tem, PPV refers to the 
proportion of patients 
with a positive test result 
who have the disease; i.e., 
percentage of “true-posi-
tive” results among all 
(true- and false-)positive 
test results. Corresponds 
to posttest risk of disease 
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if the population being 
tested has similar preva-
lence of cancer as the 
cohort in which a test was 
validated

Sensitivity For a medical test with a 
binary classification sys-
tem, sensitivity refers to 
the proportion of sick 
patients who are cor-
rectly identified with a 
positive test result. Tests 
with high sensitivity have 
low false-negative rates; 
consequently, a negative 
test result is helpful for 
excluding disease

Specificity For a medical test with a 
binary classification sys-
tem, specificity refers to 
the proportion of healthy 
patients who are cor-
rectly identified with a 
negative test result. Tests 
with high specificity have 
low false-positive rates; a 
positive test result is thus 
helpful for “ruling in” 
disease
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Key Points

• Molecular diagnostics for thyroid cytology speci-
mens is aimed at improving the risk stratification of 
cytologically indeterminate thyroid nodules

• Test performance can be inferred from positive and 
negative predictive values (PPV and NPV, respec-
tively) reported by clinical validation studies. 
However, predictive values are not fixed properties 
of a diagnostic test. PPV and NPV vary with the 
prevalence of disease in the tested population

• The four commercially available molecular tests for 
thyroid FNAs described in this chapter all aim for a 
high negative predictive value to help identify cyto-
logically indeterminate nodules that can be moni-
tored nonsurgically

• Tests such as ThyGenX/ThyraMIR and ThyroSeq 
report granular estimates of cancer risk based on 
genotype. Therefore, the positive predictive value 
(where the detection of any genetic alteration in the 
test panel is considered a “positive” result for the 
purposes of statistical analysis) calculated for these 
tests does not necessarily reflect the full spectrum of 
risk stratification these tests offer in clinical practice

• Noninvasive follicular thyroid neoplasm with papil-
lary-like nuclear features (NIFTP) is an indolent 
tumor for which lobectomy is diagnostically neces-
sary and therapeutically sufficient
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 What Is the Role of Molecular Testing 
in Thyroid Cytology?

FNA cytology plays an important role in the evaluation of 
patients with thyroid nodules. For nodules meeting clinical and 
ultrasonographic criteria for FNA biopsy, cytomorphologic cri-
teria can be used to place nodules into one of the six interpretive 
categories outlined by the Bethesda System for Reporting 
Thyroid Cytopathology (TBSRTC) [1]. Each of these categories 
is associated with an approximate cancer risk, which in turn 
helps guide subsequent management decisions (Table 12.1).

Table 12.1 The Bethesda System for Reporting Thyroid 
Cytopathology (TBSRTC)

Category

Risk of malignancy (%)

Usual 
management

(If NIFTP 
considered 
nonmalignant)

(If NIFTP 
considered 
malignant)

Nondiagnostic 5–10% 5–10% Repeat FNA 
with ultrasound

Benign 0–3% 0–3% Clinical and 
sonographic 
follow-up

Atypia/follicular 
lesion of 
undetermined 
significance (AUS/
FLUS)

6–18% 10–30% Repeat FNA, 
molecular 
testing, or 
lobectomy

Follicular neoplasm/
suspicious for 
follicular neoplasm 
(FN/SFN)

10–40% 25–40% Molecular 
testing, 
lobectomy

Suspicious for 
malignancy

45–60% 50–75% Near-total 
thyroidectomy 
or lobectomy

Malignant 94–96% 97–99% Near-total 
thyroidectomy 
or lobectomy

Adapted by permission from Springer Nature, Overview of 
Diagnostic Terminology and Reporting, Baloch et al. [1]
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At the extreme ends of TBSRTC, management options are 
fairly straightforward (Fig. 12.1). Nodules classified as cyto-
logically “benign” (Bethesda-II) have a low cancer risk 

Malignant

Indeterminate

Benign

Molecular
test

Surgical
referral*

Mid
risk

Low
risk

Lobectomy

Total
thyroidectomy

Clinical
follow-up

FNA
cytology

Ancillary
testing

Cancer
risk assessment

Management
decisions

High
risk

(and “Suspicious for
Malignancy”)

(AUS/FLUS, FN/SFN)

FNA
biopsy

Figure 12.1 Simplified flowchart illustrating how cytologic and 
molecular testing results can guide management of thyroid nodules. 
The molecular tests described in this chapter are primarily indicated 
for aspirates classified in the “low-risk” indeterminate categories of 
the Bethesda System for Reporting Thyroid Cytopathology (atypia of 
undetermined significance/follicular lesion of undetermined signifi-
cance [AUS/FLUS], follicular neoplasm/suspicious for follicular neo-
plasm [FN/SFN]). In this setting, ancillary molecular testing helps 
direct patients toward either surgical referral or clinical follow-up. 
Decisions regarding the extent of surgical resection (indicated by [*]) 
are determined by multiple factors, including (1) clinical/radiographic 
assessment of tumor size, extrathyroidal spread, nodal metastasis, and 
distant metastasis; (2) ultrasonographic and cytologic findings in the 
contralateral lobe; (3) patient/clinician preference; and (4) cytomor-
phologic or molecular features that may distinguish indolent/precan-
cerous neoplasms from more aggressive disease. Regarding the latter, 
molecular tests that can detect genetic alterations characteristic of 
classical papillary thyroid carcinoma (e.g., BRAF V600E mutations, 
RET-PTC1/3 fusions) could also be considered for aspirates in the 
higher-risk indeterminate category (“suspicious for malignancy”) to 
help guide the extent of initial surgical resection. Abbreviations: AUS/
FLUS, atypia of undetermined significance/follicular lesion of unde-
termined significance; FN/SFN, follicular neoplasm/suspicious for 
follicular neoplasm; FNA, fine-needle aspiration
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(0–3%) and are typically followed by clinical and/or 
 ultrasonographic observation. In contrast, nodules classified 
as cytologically “malignant” (Bethesda-VI, cancer risk of 
94–96%) or “suspicious for malignancy” (Bethesda-V, cancer 
risk of 45–60%) are generally referred for surgical resection. 
The extent of surgery (lobectomy versus total thyroidec-
tomy) for cytologically malignant nodules is influenced by 
multiple factors, including tumor size, clinical and  sonographic 
features, and clinician/patient preference [2].

For the approximately 15–30% of thyroid aspirates that are 
classified in one of the indeterminate categories of TBSRTC, the 
decision between surgical or nonsurgical management is not as 
clear-cut [3]. Nodules classified as “atypia (or follicular lesion) of 
undetermined significance” (AUS/FLUS, Bethesda-III) or “fol-
licular neoplasm”/“suspicious for follicular neoplasm” (FN/SFN, 
Bethesda-IV) have a relatively low yet non-negligible risk of 
malignancy, ranging from 6–18% for AUS/FLUS to 10–40% for 
FN/SFN [1]. Historically, surveillance by repeat FNA was an 
option for nodules classified as AUS/FLUS, with diagnostic 
lobectomy recommended for nodules that remained cytologi-
cally indeterminate on repeat FNA and/or otherwise showed 
worrisome clinical or sonographic features. Similarly, diagnostic 
lobectomy has traditionally been recommended for nodules 
classified as FN/SFN. However, the majority of AUS/FLUS and 
FN/SFN nodules that undergo surgical resection are ultimately 
found to be histologically benign. For these cases, surgery may 
be justified for diagnostic purposes but considered unnecessary 
from a therapeutic standpoint.

Ancillary molecular testing has emerged as a promising tool 
to improve risk stratification among thyroid nodules placed in 
these low-risk indeterminate categories of TBSRTC (Fig. 12.1). 
Molecular testing has dual aims in this context: (1) to identify 
biologically benign nodules that can be followed clinically 
rather than surgically and (2), for nodules that warrant resec-
tion, to help guide the extent of initial surgery (lobectomy ver-
sus total thyroidectomy). Of note, the primary indication for 
each of the molecular tests described herein is a cytologically 
indeterminate FNA. Therefore, routine microscopic evaluation 
of cytology slides is an essential step in determining whether 
ancillary molecular testing is appropriate for a thyroid nodule.
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DNA, microRNA, mRNA, and proteins have all been 
investigated as analytes for ancillary testing on thyroid cytol-
ogy specimens (Fig.  12.2). The four molecular tests that are 
currently offered by commercial laboratories for cytologically 
indeterminate thyroid FNAs are all nucleic acid-based tests 
and form the focus of this chapter: Afirma Gene Expression 
Classifier (Veracyte, Inc., South San Francisco, California), 
RosettaGX Reveal (Rosetta Genomics, Inc., Philadelphia, 
Pennsylvania), ThyGenX/ThyraMIR (Interpace Diagnostics, 
Parsippany, New Jersey), and ThyroSeq (University of 
Pittsburgh Medical Center, Pittsburgh, Pennsylvania, and 
CBLPath, Inc., Rye Brook, New  York). These tests can be 
categorized by their general testing approach: (1) expression 
profiling for a panel of genes (mRNAs) or microRNAs, (2) 
genotyping for tumor-associated driver mutations and gene 
fusions, or (3) a combination of these methodologies 
(Table  12.2). Several immunohistochemical stains including 
HBME1, CK19, galectin-3, and BRAF VE1 (mutation-specific 

Nucleus Cytoplasm

Transcription

Transcription Translation

DNA

DNAAnalyte

Testing
approach
(and
examples
of tests)

microRNA Protein

mRNA

mRNA

Protein

microRNA

NGS for point
mutations, small

insertion/deletions
(ThyGenX, ThyroSeq)

RT-PCR to examine
expression pattern of
panel of microRNAs

(ThyraMIR, RosettaGX
Reveal)

DNA microarray to
examine expression
pattern of panel of

mRNAs (Afirma GEC)

Immunocytochemistry
to examine expression

pattern of various
proteins (e.g.,

antibodies to BRAF VE1,
HBME1, CK19, Galectin-

3)
NGS for gene fusions
(ThyGenX, ThyroSeq)

Figure 12.2 Analytes used in ancillary testing for thyroid cytology 
specimens. DNA, microRNA, mRNA, and proteins have all been 
explored as analytes to help risk-stratify thyroid nodules with inde-
terminate cytology. Examples of testing approaches using each of 
these analytes are shown. Abbreviations: DNA, deoxyribonucleic 
acid; RNA, ribonucleic acid; mRNA, messenger RNA; PCR, poly-
merase chain reaction
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antibody for the BRAF V600E mutation) have also been 
explored as markers of malignancy in thyroid resection speci-
mens. The potential utility of these antibodies in thyroid cytol-
ogy specimens has been explored in a variety of studies, but 
they will not be discussed further in this chapter [4–11].

When evaluating the performance of these ancillary 
molecular tests for cytologically indeterminate thyroid FNAs, 
readers should be aware of several caveats:

•  Test performance is often extrapolated from its positive pre-
dictive value (PPV; corresponding to the posttest cancer risk 
associated with a positive test result) and negative predictive 
value (NPV; corresponding to the posttest probability of 
benignity associated with a negative test result). Importantly, 
PPV and NPV are not fixed properties of a test. Instead, these 
predictive values vary with the pretest probability of cancer 
in the tested population, which may differ from institution to 
institution [12, 13]. The prevalence of cancer among thyroid 
nodules classified as AUS/FLUS or FN/SFN is one estimate 
of the pretest cancer risk and can serve as a useful measure 
for determining whether the targeted test population for a 
particular institution is comparable to the population that 
was studied in the clinical validation of a molecular test.

• In clinical validation studies, the histopathologic reference 
diagnosis of resected thyroid nodules is typically classified 
in a binary manner (i.e., benign or malignant) to facilitate 
statistical analysis. However, this practice runs counter to 
evolving concepts of thyroid neoplasia as a continuum 
rather than a dichotomous process [2, 14].

• Similarly, clinical validation studies also confine the results 
of molecular tests into binary outcomes (negative or posi-
tive) to simplify statistical analysis. This approach may be 
apt for tests that report binary outcomes, such as the 
Afirma Gene Expression Classifier and Rosetta GX 
Reveal. However, for genotyping-based tests such as 
ThyroSeq or ThyGenX/ThyraMIR that offer a wide range 
of test results, the reduction of test results into either a 
“negative” or “positive” outcome for statistical purposes 
does not fully capture the gradation of risk estimates 
offered by these tests.
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 Expression Profiling to Risk-Stratify 
Indeterminate Thyroid FNAs

Histologically benign and malignant tumors show differential 
expression patterns of selected genes [15–18] and microR-
NAs [19–23]. These studies have formed the basis of ancillary 
tests that use proprietary algorithms to risk-stratify cytologi-
cally indeterminate thyroid FNAs based on either mRNA 
expression patterns (Afirma Gene Expression Classifier) or 
microRNA expression patterns (RosettaGX Reveal and 
ThyraMIR). The algorithms for these expression profiling-
based tests have been optimized for high sensitivity and NPV 
to help “rule out” cancer among cytologically indeterminate 
thyroid nodules.

 Afirma Gene Expression Classifier

The Afirma Gene Expression Classifier (GEC) analyzes the 
expression pattern of a large group of target genes using 
DNA microarrays (Fig.  12.3) [24]. The starting material for 
Afirma consists of two dedicated FNA passes collected into a 
vial of proprietary nucleic acid preservative solution, in addi-
tion to the FNA passes collected for microscopic cytology 
evaluation. If the cytology is classified as indeterminate 
(AUS/FLUS or FN/SFN), the concurrent sample collected 
for molecular testing is processed for microarray analysis. As 
a quality control step, the sample is first screened for the gene 
expression profiles of lesions that are not suited for analysis 
by the main GEC, including metastatic tumors (melanoma, 
breast carcinoma, renal cell carcinoma), parathyroid, and 
medullary thyroid carcinomas (MTC) (Table  12.3) [25, 26]. 
This screening step also includes gene expression analysis to 
identify samples concerning for malignant oncocytic (Hürthle-
cell) thyroid tumors. Samples that trigger one of these six 
screening cassettes are reported as having a “suspicious” 
Afirma result, without subsequent analysis by the main 142-
gene expression classifier. A sample that shows the  expression 
pattern of MTC is additionally reported as “positive” for the 
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Afirma MTC test, described further below. Specimens that 
pass this screening step advance to the main GEC, where the 
expression pattern of 142 genes is analyzed by a proprietary 
algorithm that classifies each FNA sample in a binary man-
ner, as having either a “benign” or “suspicious” gene expres-
sion profile. The algorithm was trained using the gene 
expression profiles of histologically benign and malignant 
nodules.

The Afirma GEC was clinically validated in a prospective, 
multi-institutional study involving 129 AUS/FLUS (24% can-
cer prevalence), 81 FN/SFN (25% cancer prevalence), and 55 
“suspicious for malignancy” (62% cancer prevalence) cases 
[27]. Among aspirates in the lower-risk cytologically indeter-
minate categories (AUS/FLUS or FN/SFN), Afirma demon-
strated 90% sensitivity and ~50% specificity for cancer, 
corresponding to a high NPV (94–95%) for “benign” GEC 
results and a modest PPV (37–38%) for “suspicious” GEC 
results (Table  12.4) [25, 28–30]. Thus, for clinical practices 
where the prevalence of malignancy among AUS/FLUS and 

Indeterminate cytology
(AUS/FLUS or FN/SFN)

Benign
GEC / 
GSC

6 expression
cassettes to screen

for uncommon
neoplasms (25
genes, includes
Afirma MTC)

Susp.
GEC / 
GSC

BRAF (-)
RET-PTC1/3 (-)

RET-PTC1/3 (+)

Afirma BRAF(+)

Afirma MTC(+)

Low
risk

High
risk

Mid
riskAfirma 

GEC/GSC:
142-gene

expression
microarray

Afirma BRAF &
RET-PTC1/3

Tests

Figure 12.3 Afirma GEC/GSC and Malignancy Classifiers. See text 
for details. Abbreviations: GEC, Gene Expression Classifier; GSC, 
Gene Sequencing Classifier; AUS/FLUS, atypia of undetermined 
significance/follicular lesion of undetermined significance; FN/SFN, 
follicular neoplasm/suspicious for follicular neoplasm; MTC, medul-
lary thyroid carcinoma. (Figure adapted from Nishino and Nikiforova 
[24] with permission from Archives of Pathology & Laboratory 
Medicine. Copyright 2018 College of American Pathologists)
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FN/SFN are similar to that of the Afirma validation cohort, 
the risk of cancer for a cytologically indeterminate nodule 
with a “benign” GEC result is ~5–6% (equivalent to 1-NPV). 
This low level of cancer risk is comparable to that of cytologi-
cally benign nodules, for which clinical/ultrasonographic 
monitoring is considered appropriate. In general, approxi-
mately 40% of patients with cytologically indeterminate thy-
roid nodules can avoid diagnostic surgery based on a “benign” 
Afirma GEC result [27, 31–36]. The remaining nodules with 
“suspicious” GEC results have a modest cancer risk (37–38%, 
corresponding to the PPV), for which a diagnostic lobectomy 
is generally advised. Of note, subset analyses in both the 
Afirma clinical validation study as well as independent post-
validation studies suggest reduced specificity of the Afirma 
test among oncocytic (Hürthle-cell) lesions, raising concern 
that the test may overcall a larger proportion of histologically 
benign oncocytic neoplasms as having a “suspicious” GEC 
result relative to non-oncocytic thyroid lesions [32–34, 36].

To address the modest specificity and PPV of a “suspi-
cious” Afirma GEC result, Veracyte offers additional tests 
known collectively as the Afirma Malignancy Classifiers. 
Afirma MTC and Afirma BRAF tests were introduced in 
2014; RNA sequencing for RET-PTC1/3 gene fusions was 
added to the Afirma Malignancy Classifier panel in 2017. As 
described above, the Afirma MTC is included among the 
screening cassettes used for quality control for the Afirma 
test. Afirma MTC identifies medullary thyroid carcinoma in 
FNA samples with high sensitivity and specificity by evaluat-
ing the expression levels of five genes: CALCA, CEACAM5, 
SCG3, SCN9A, and SYT4 [37, 38]. Preoperative detection of 
MTC by FNA can facilitate surgical planning (total 
thyroidectomy with central lymph node dissection) in 
addition to prompting germline RET mutation analysis for 
multiple endocrine neoplasia type 2, as well as laboratory and 
imaging studies for metastatic disease, pheochromocytoma, 
and hyperparathyroidism. Patients with pheochromocytoma 
should undergo adrenergic blockade and adrenalectomy 
prior to thyroid surgery, while patients with 
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hyperparathyroidism can undergo parathyroid surgery at the 
time of thyroidectomy [39].

The other two tests that comprise the Afirma Malignancy 
Classifiers evaluate samples for genetic changes associated 
with papillary thyroid carcinoma. The Afirma BRAF test 
analyzes samples for the gene expression profile associated 
with the BRAF V600E mutation [40], while the RET-PTC1/3 
assay uses RNA sequencing to identify oncogenic gene 
fusions involving the RET proto-oncogene. In the context of 
thyroid nodules, detection of BRAF V600E mutation, RET-
PTC1 gene fusion, or RET-PTC3 gene fusion has high speci-
ficity for papillary thyroid carcinoma, whereby a positive test 
result can help establish a malignant diagnosis preoperatively 
and can influence decisions regarding the extent of the initial 
surgical procedure.

In 2017, Veracyte released an updated version of the 
Afirma test known as the Gene Sequencing Classifier (GSC). 
In addition to the incorporation of RET-PTC1/3 gene fusion 
analysis to the Malignancy Classifiers, the new Afirma GSC 
uses an enhanced classification algorithm with reportedly 
superior specificity compared to the GEC, particularly among 
oncocytic nodules.

Taken together, the Afirma GSC (or GEC) and Malignancy 
Classifiers may help stratify cytologically indeterminate aspi-
rates into three risk levels (Fig. 12.3):

• Low risk for cancer based on a “benign” Afirma GSC/
GEC result, for which clinical and ultrasonographic moni-
toring of the nodule may be sufficient

• Intermediate risk for cancer based on a “suspicious” 
Afirma GSC/GEC result (with negative Afirma Malignancy 
Classifier results), for which diagnostic lobectomy is gener-
ally indicated

• High risk for cancer based on a “suspicious” Afirma GSC/
GEC result with positive Afirma Malignancy Classifier 
results, for which surgical resection (lobectomy versus 
total thyroidectomy, depending on tumor size and clinical/
ultrasonographic features) is indicated

M. Nishino
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 RosettaGX Reveal

MicroRNAs are small (~22 nucleotide) noncoding RNAs 
that regulate gene expression at the posttranscriptional level 
by influencing the stability and translation of mRNA.  The 
differential expression of selected microRNAs between 
benign and malignant thyroid nodules [19–23, 41], together 
with the stability of microRNAs and their ability to be iso-
lated from routine formalin-fixed histology or alcohol-fixed 
cytology samples [19, 42–44], has encouraged the develop-
ment of two microRNA-based commercial assays for risk-
stratifying cytologically indeterminate thyroid FNA 
specimens: RosettaGX Reveal and ThyraMIR. The latter is a 
complementary test to ThyGenX and will be discussed in 
more detail in the next section.

RosettaGX Reveal uses cells harvested from routinely 
stained direct smears or liquid-based cytology slides as the 
starting material for molecular testing (Table 12.2, Fig. 12.4). 
There are two main advantages of using routine cytology 
slides as the substrate for molecular testing: (1) decreased 
need for dedicated FNA passes to collect cells specifically for 
molecular testing, as the diagnostic cytology slides can be 
repurposed for nucleic acid extraction, and (2) decreased 
potential for sampling error (as can occur when separate 
FNA passes are performed for microscopic and molecular 
analysis), since nucleic acid is extracted from the same cells 
that are considered indeterminate by microscopic evaluation 
(Table 12.3). One potential drawback to this approach is the 
need to sacrifice a diagnostic cytology slide for molecular 
testing; Rosetta Genomics offers digital slide-scanning ser-
vices to maintain a digital archive of the cytomorphology.

Following nucleic acid extraction, the test analyzes the 
expression pattern of 24 microRNAs (Table 12.5) by RT-PCR 
to classify each sample as “benign” or “suspicious” by 
microRNA profiling. The inclusion of hsa-miR-375  in the 
24-microRNA panel helps identify MTC among cytologically 
indeterminate FNAs. In a retrospective multicenter clinical 
validation study involving 189 AUS/FLUS, FN/SFN, and 
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suspicious for malignancy aspirates (combined cancer preva-
lence of 32%), RosettaGX Reveal had 85% sensitivity, 72% 
specificity, 91% NPV, and 59% PPV for cancer [29].

Two caveats should be considered when reviewing the vali-
dation study for RosettaGX Reveal. First, the validation 
study reported higher test sensitivity (98%) and NPV (99%) 
among an “Agreement Set” comprised of a subset of 150 
cases (27% prevalence of cancer) in which all three patholo-
gists evaluating the resection specimen (two study patholo-
gists, in addition to the original pathologist rendering the 
clinical diagnosis) concurred on the reference histopathologic 
diagnosis. The post-unblinding exclusion of 14 encapsulated 
follicular variant of papillary carcinomas from the “Agreement 
Set” (five of which were misclassified as having a “benign” 
microRNA profile by RosettaGX Reveal) likely accounts for 
the superior test sensitivity and NPV.  Secondly, the adver-
tised performance characteristics of RosettaGX Reveal are 
based on a validation cohort that includes “suspicious for 
malignancy” FNAs. In contrast, the performance characteris-
tics of the other three commercial molecular tests for thyroid 
FNAs are based on validation cases classified cytologically as 
AUS/FLUS or FN/SFN. For the purposes of comparison with 
the other tests, we provide sensitivity, specificity, NPV, and 
PPV calculations for RosettaGX Reveal based only on AUS/
FLUS and FN/SFN cases from their validation study:

Indeterminate cytology
(AUS/FLUS or FN/SFN)

Nucleic acid
extraction from
cytology slide

Suspicious miRNA
profile

Mid
risk

Low
risk

Benign miRNA
profile

RosettaGX
Reveal:

24 miRNA
classifer

Figure 12.4 RosettaGX Reveal. See text for details. Abbreviations: 
AUS/FLUS, atypia of undetermined significance/follicular lesion of 
undetermined significance; FN/SFN, follicular neoplasm/suspicious 
for follicular neoplasm. (Figure adapted from Nishino and Nikiforova 
[24] with permission from Archives of Pathology & Laboratory 
Medicine. Copyright 2018 College of American Pathologists)
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Table 12.5 List of 
microRNAs included in 
RosettaGX Reveal and 
ThyraMIR tests

RosettaGX 
Reveal ThyraMIR
hsa-miR-31-5p hsa-miR-31-5p

hsa-miR-222-3p hsa-miR-222-3p

hsa-miR-146b-5p hsa-miR-146b-5p

hsa-miR-375 hsa-miR-375

hsa-miR-551b-3p hsa-miR-551b-3p

hsa-miR-138-5p hsa-miR-138-1-3p

hsa-miR-486-5p hsa-miR-139-5p

hsa-miR-23a-3p hsa-miR-29b-1-5p

hsa-miR-574-3p hsa-miR-155

hsa-miR-152-3p hsa-miR-204-5p

hsa-miR-200c-3p

hsa-miR-345-5p

hsa-miR-5701

hsa-miR-424-3p

hsa-miR-3074-5p

hsa-miR-346

hsa-miR-342-3p

hsa-miR-181c-5p

hsa-miR-125b-5p

MID-50971

MID-20094

MID-50976

MID-50969

MID-16582
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• Total AUS/FLUS and FN/SFN cases (n = 150, 21% cancer 
prevalence): 74% sensitivity, 74% specificity, 92% NPV, 
and 43% PPV

• “Agreement Set” AUS/FLUS and FN/SFN cases (n = 116, 
12% cancer prevalence): 100% sensitivity, 80% specificity, 
100% NPV, and 41% PPV

Thus, RosettaGX Reveal’s microRNA classifier shows 
performance characteristics that parallel that of the Afirma 
GEC. Among AUS/FLUS and FN/SFN nodules, a “benign” 
microRNA profile is associated with a low cancer risk (0–8%, 
depending on which of the above subset analyses are used) 
and may be safe to follow by clinical observation. On the 
other hand, AUS/FLUS and FN/SFN nodules with “suspi-
cious” microRNA profiles are associated with an intermedi-
ate cancer risk (41–43%), for which surgical referral should 
be considered (Table 12.4).

 Genotyping-Based Testing Approaches

A variety of mutations and gene rearrangements in the 
mitogen-activated protein kinase (MAPK) and phos-
phoinositide 3-kinase (PI3K) signaling pathways have been 
identified in thyroid cancer [45]. Oncogenic alterations in 
papillary thyroid carcinomas (PTC) include mutations in 
BRAF (40–50% of PTCs) or RAS (10–20% of PTCs), as well 
as RET-PTC1 or RET-PTC3 gene fusions (10–20% of PTCs). 
Similarly, genetic alterations in follicular thyroid carcinomas 
(FTC) include RAS mutations (40–50% of FTCs) and PAX8-
PPARG gene fusions (30% of FTCs).

Testing FNA specimens for the BRAF V600E mutation 
alone may be useful as a predictive biomarker in specific situ-
ations. In patients with advanced thyroid cancer refractory to 
radioactive iodine treatment, detection of the BRAF V600E 
mutation can help identify patients who may benefit from 
clinical trials using selective BRAF inhibitors [46–49]. 
Cytology specimens may be a useful substrate for BRAF test-
ing in this setting, since such patients typically have  recurrent/
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metastatic disease or surgically unresectable thyroid cancer 
(e.g., undifferentiated [anaplastic] thyroid carcinoma) ame-
nable to FNA biopsy.

From a diagnostic standpoint, a single-gene testing 
approach for thyroid FNAs is limited in two ways. While 
detection of the BRAF V600E mutation in a thyroid FNA 
can secure a diagnosis of PTC with near-100% certainty 
(reviewed in [50]), this mutation is infrequent (~5%) among 
cytologically indeterminate thyroid FNAs, for which a posi-
tive molecular testing result would have the greatest impact 
on management decisions [51, 52]. Secondly, testing for 
BRAF V600E alone is insufficiently sensitive for malignancy 
because only 40–50% of PTCs harbor this mutation; the 
absence of this mutation does not exclude malignancy among 
cytologically indeterminate nodules. Taken together, the cost-
effectiveness and utility of routine BRAF V600E testing as a 
sole marker for “ruling in” or “ruling out” cancer are 
dubious.

Given the limitations in this single-gene testing approach, 
the clinical application of mutational analysis for cytologi-
cally indeterminate thyroid FNAs has largely focused on 
multiplexed genotyping methods. An early genotyping panel 
for thyroid FNAs consisted of hotspot mutations in four 
genes (BRAF, HRAS, KRAS, NRAS) and three gene fusions 
(RET-PTC1, RET-PTC3, and PAX8-PPARG) to help risk-
stratify thyroid FNAs with indeterminate cytology. Numerous 
studies have evaluated the performance of this seven-marker 
panel for thyroid FNAs [28, 53–58]. The largest clinical valida-
tion of this panel was a single-institution prospective study 
involving 247 AUS/FLUS (14% prevalence of cancer) and 
214 FN/SFN (27% prevalence of cancer) aspirates. In this 
study, the seven-marker genotyping panel was reported to 
have high specificity (97–99%) and PPV (87–88%) for cancer 
[57]. Based on these results, commercial versions of this 
seven-marker panel were initially marketed as tests for “rul-
ing in” malignancy among cytologically indeterminate thy-
roid nodules, whereby the detection of a mutation or gene 
fusion could direct a patient to definitive treatment with total 
thyroidectomy.
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However, two caveats must be considered regarding the 
clinical utility of this seven-marker panel. First, for geno-
typing-based tests such as the seven-marker panel and the 
others described below, the PPV reported in clinical vali-
dation studies does not capture the gradation of cancer 
risk estimates associated with positive test results. For 
instance, the BRAF V600E mutation and RET-PTC1/3 
gene fusions are associated with near-100% risk for papil-
lary carcinoma in the context of thyroid FNAs. In contrast, 
RAS mutations and PAX8-PPARG gene fusions have been 
identified in a broad spectrum of benign, premalignant, 
and malignant follicular-patterned neoplasms (e.g., follicu-
lar adenoma, follicular carcinoma, noninvasive follicular 
thyroid neoplasm with papillary-like nuclear features 
[NIFTP], encapsulated follicular variant of papillary thy-
roid carcinoma) and may be best considered markers of 
neoplasia rather than malignancy per se [14, 45, 56, 57, 59–
66]. In other words, genotyping tests offer more granular 
estimates of cancer risk than can be conveyed by the test’s 
reported PPV.

Secondly, in the aforementioned validation study, the 
seven-marker panel demonstrated a modest sensitivity 
(57%–63%) for malignancy, corresponding to 86–94% NPV 
among AUS/FLUS and FN/SFN cases [57]. Because of the 
6–14% residual cancer risk (1-NPV) associated with a nega-
tive test result, this seven-marker panel was considered clini-
cally inadequate as a test for “ruling out” cancer for patients 
with cytologically indeterminate thyroid nodules. Two com-
mercially available tests have adopted different strategies to 
overcome the low NPV of the seven-marker genotyping 
panel. ThyGenX/ThyraMIR combines a limited genotyping 
panel with a microRNA-based expression classifier to 
improve sensitivity and NPV for malignancy. Alternatively, 
ThyroSeq tests for a vastly expanded panel of genetic altera-
tions to improve the sensitivity and NPV of the genotyping 
approach for risk-stratifying cytologically indeterminate thy-
roid aspirates.
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 ThyGenX/ThyraMIR

Interpace Diagnostics combines microRNA expression pro-
filing (ThyraMIR) with a limited genotyping panel (ThyGenX) 
to improve the risk stratification of cytologically indetermi-
nate thyroid aspirates (Table  12.2). This testing approach 
requires a dedicated FNA pass collected into a vial of propri-
etary nucleic acid preservative, in addition to the FNA passes 
required for visual cytopathology interpretation (Fig.  12.5). 
For nodules with indeterminate cytology, the sample col-
lected for molecular testing is processed as follows:

• Assessment of the expression levels of genes associated 
with thyroid follicular cells for quality control purposes 
(Table 12.3).

• ThyGenX tests thyroid FNA samples for oncogenic muta-
tions in five genes (BRAF, HRAS, KRAS, NRAS, PIK3CA) 
and three gene fusions (RET-PTC1, RET-PTC3, PAX8-
PPARG) using a next-generation sequencing platform.
 – The detection of a BRAF V600E mutation or RET-

PTC1/3 gene fusion is considered virtually diagnostic of 
malignancy in a thyroid FNA due to the strong 

Indeterminate cytology
(AUS/FLUS or FN/SFN)

BRAF V600E

RET-PTC1/3

PIK3CA

(H/K/N)RAS

10 miRNA
classifier

Low
risk

Mid
risk

High
risk

PAX8-PPARG

No fusions or
mutations

BRAF K601E

Variable estimates of cancer
risk based on genotype
and/or miRNA profile

ThyGenX
Targeted NGS for 3 gene

fusions and hotspot
mutations in 5 genes

ThyraMIR

Figure 12.5 ThyGenX/ThyraMIR. See text for details. Abbreviations: 
AUS/FLUS, atypia of undetermined significance/follicular lesion of 
undetermined significance; FN/SFN, follicular neoplasm/suspicious 
for follicular neoplasm; NGS, next-generation sequencing; miRNA, 
microRNA. (Figure adapted from Nishino and Nikiforova [24] with 
permission from Archives of Pathology & Laboratory Medicine. 
Copyright 2018 College of American Pathologists)
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 association of these genetic alterations with papillary 
thyroid carcinoma.

 – For the remaining ThyGenX results (i.e., no mutation/
fusion, H-/K-/N-RAS mutations, BRAF K601E muta-
tion, PIK3CA mutations, or PAX8-PPARG fusion), 
further refinement of cancer risk is accomplished with 
the ThyraMIR test.

• ThyraMIR assays for the expression patterns of ten 
microRNAs using quantitative RT-PCR to classify sam-
ples as having either a low-risk/benign versus high-risk/
positive microRNA profile. ThyraMIR’s test panel includes 
six microRNA sequences that closely overlap with 
RosettaGX Reveal’s panel of 24 microRNAs (Table 12.5).

In a prospective multicenter validation study of 109 AUS/
FLUS and FN/SFN aspirates, the combined ThyGenX/
ThyraMIR tests demonstrated 89% sensitivity and 85% 
specificity for malignancy [28]. The cancer prevalence in this 
cohort of cytologically indeterminate nodules was 32%; at 
this prevalence of malignancy, the NPV of the combined 
ThyGenX/ThyraMIR tests was 94% (Table  12.4). In other 
words, “double-negative” samples with negative ThyGenX 
results and a low-risk microRNA profile by ThyraMIR test-
ing have an approximately 6% (1-NPV) cancer risk and may 
be safe to follow by clinical observation.

For statistical analysis, the validation study defined “posi-
tive” results as the detection of any mutation/fusion (by the 
ThyGenX test) and/or high-risk microRNA profile (by the 
ThyraMIR test). While this definition of test positivity 
yielded a PPV of 74% in the validation study, it is important 
to keep in mind that genotyping-based tests offer results that 
span a wide range of risk levels. Therefore, in clinical practice, 
ThyGenX/ThyraMIR may help risk-stratify cytologically 
indeterminate FNA samples as follows:

• Low risk for cancer based on the absence of a mutation or 
gene fusion (negative ThyGenX test) and low-risk microRNA 
profile (negative ThyraMIR test). Clinical and ultrasono-
graphic monitoring of the nodule may be sufficient.
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• Intermediate risks for cancer based on other permutations 
of ThyGenX results (no mutation/fusion, H-/K-/N-RAS 
mutations, BRAF K601E mutation, PAX8-PPARG fusion) 
and ThyraMIR results (low- versus high-risk microRNA 
expression patterns). For samples in this category, Interpace 
Diagnostics uses laboratory data to refine estimates of 
cancer risk, which in turn typically warrant diagnostic 
lobectomy.

• High risk for cancer based on detection of BRAF V600E 
mutation or RET-PTC1/3 fusions by the ThyGenX test. 
Surgical resection (lobectomy versus total thyroidectomy, 
depending on tumor size and clinical/ultrasonographic 
features) is indicated.

 ThyroSeq

In 2014, The Cancer Genome Atlas (TCGA) project pub-
lished its analysis of genomic alterations of nearly 500 PTCs 
[67]. This comprehensive approach identified novel onco-
genic alterations associated with PTC, effectively reducing 
the fraction of PTCs with unknown driver mutations from 
25% to 3.5% [67]. Nikiforov et al. capitalized on these large-
scale genomic studies to develop ThyroSeq, which uses tar-
geted next-generation sequencing to assay for a broad panel 
of single nucleotide variants, insertions/deletions, and gene 
fusions associated with thyroid neoplasia (Table 12.2).

ThyroSeq requires 1–2 drops of FNA material (collected 
into a vial of proprietary nucleic acid preservative solution) 
as the substrate for molecular testing (Fig.  12.6). Gene 
expression analysis serves as a quality control measure to 
monitor the cellular makeup of the sample (Table  12.3). 
Expression of genes such as TTF1, thyroglobulin (TG), 
sodium/iodide symporter (SLC5A5/NIS), and cytokeratin 7 
(KRT7) are used to confirm adequate sampling of thyroid 
follicular cells in the aspirate. Conversely, aspirates with 
expression of genes associated with parafollicular/C cells 
(calcitonin-related peptide alpha [CALCA]) or parathyroid 
cells (parathyroid hormone [PTH]) can be flagged as 
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 suspicious for medullary thyroid carcinoma or parathyroid 
sampling, respectively.

The list of genetic alterations included in the ThyroSeq test 
panel has evolved with updated versions of the test. The most 
comprehensive clinical validation of ThyroSeq to date has 
involved single-center studies using ThyroSeq v2, which 
includes 42 types of gene fusions and mutational hotspots in 
14 different genes in its test panel [25, 30]. These validation 
studies have included a combination of prospectively and 
retrospectively analyzed thyroid FNA samples. Among 239 
nodules with indeterminate cytology (96 AUS/FLUS and 143 
FN/SFN, with a combined cancer prevalence of 26%), 
ThyroSeq v2 had high sensitivity (~90%) and specificity 
(~93%) for malignancy, corresponding to a NPV of 96% and 
PPV of 81% (Table 12.4). Independent reports of ThyroSeq 
v2 performance in actual clinical practice support the high 
NPV of the test [68–70]. At the same time, these post-validation 
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Figure 12.6 ThyroSeq. See text for details. Abbreviations: AUS/
FLUS, atypia of undetermined significance/follicular lesion of unde-
termined significance; FN/SFN, follicular neoplasm/suspicious for 
follicular neoplasm; NGS, next-generation sequencing. (Figure 
adapted from Nishino and Nikiforova [24] with permission from 
Archives of Pathology & Laboratory Medicine. Copyright 2018 
College of American Pathologists)
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studies indicate that the test’s PPV for cancer may be lower 
(22–63%) than the 81% PPV that was initially reported in the 
clinical validation study. The lower PPV of a “mutation-posi-
tive” ThyroSeq v2 result in these studies may be explained in 
part by the prevalence of histologically benign or premalig-
nant neoplasms that harbor RAS, RAS-like, and EIF1AX 
mutations [68–71].

As discussed above, interpretation of PPV is challenging for 
genotyping-based tests because the type of mutation factors 
heavily into posttest cancer risk. Mutations in RAS and related 
(“RAS-like”) pathways may be considered a marker of neopla-
sia but appear to be less specific for malignancy, given the 
detection of these genetic changes in a range of benign, prema-
lignant, and malignant follicular-patterned neoplasms. In con-
trast, BRAF V600E mutations and related (“BRAF-like”) 
genetic alterations help rule in malignancy with near-100% 
specificity among indeterminate thyroid FNAs due to their 
strong association with papillary thyroid carcinoma. Additionally, 
TERT promoter mutations and TP53 mutations – particularly 
when they co-occur with BRAF-like or RAS-like driver altera-
tions – have been associated with clinically aggressive thyroid 
cancers, including undifferentiated (anaplastic) thyroid carci-
noma and poorly differentiated thyroid carcinoma [72–79]. 
Finally, the allelic frequency with which a mutation/fusion is 
detected in a FNA sample may also inform posttest cancer risk, 
to the extent that a genetic alteration present at a low level 
implies an early step in the clonal evolution of a neoplasm.

Taken together, broad targeted genotyping panels like 
ThyroSeq v2 can help triage thyroid nodules by risk level, as 
follows:

• Low risk: Nodules that are negative for all mutations/
fusions in the test panel or positive for a marker associated 
with benignity may be safe to monitor by clinical observa-
tion due to a very low (3–4%) risk of cancer.

• Intermediate risks: For nodules with isolated RAS, RAS-
like, or EIF1AX mutations, diagnostic lobectomy may be 
suitable as the initial surgical approach, given the moder-
ate risk of cancer in this setting.
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• High risk: For nodules with BRAF V600E mutation or 
RET-PTC1/3 gene fusion, surgical resection (lobectomy 
versus total thyroidectomy, depending on tumor size and 
clinical/sonographic features) is indicated due to the virtu-
ally 100% risk of papillary thyroid cancer associated with 
these alterations. The detection of TP53 or TERT pro-
moter mutations, particularly in concert with other altera-
tions in the panel, may indicate a biologically aggressive 
cancer.

ThyroSeq v3, offered commercially since in 2017, makes 
two major updates to the test: (a) expansion of the number of 
genes in the test panel to 112 (compared to 56 genes in 
ThyroSeq v2) and (b) analysis of several genomic regions for 
copy-number alterations that are associated with thyroid can-
cer [67].The thyroidectomy specimens used for the training 
set for ThyroSeq v3 were also enriched for oncocytic (Hürthle-
cell) nodules, with the goal of improving the preoperative 
distinction between nonneoplastic, benign neoplastic, and 
malignant Hürthle-cell tumors.

Each type of genetic alteration in the test panel is 
assigned a point value commensurate to its association with 
malignancy, as determined from review of the published 
literature as well as from analysis of internal and publically 
searchable databases. This weighted point-based system 
allows for the integration of all genetic alterations in a 
sample (or lack thereof) into a single “Genomic Classifier” 
(GC) score [80]. In the analytic validation study for ThyroSeq 
v3, authors used receiver operating curve (ROC) analysis to 
establish a GC cutoff for optimal sensitivity and specificity 
for malignancy. GC scores below this threshold are reported 
as “negative” (favoring benignity), while samples at or 
beyond the cutoff are reported as “positive.” Using this GC 
cutoff, ThyroSeq v3 demonstrated 98.0% specificity and 
90.9% sensitivity for malignancy among an analytic valida-
tion cohort of 175  thyroid FNA samples that was enriched 
for cancer (52.6% prevalence of cancer). As with previous 
versions of ThyroSeq, the genotype and allelic frequency of 
genetic alterations should provide additional risk 
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stratification among GC “positive” cases. Clinical validation 
of ThyroSeq v3 in a prospective, blinded, multicenter study 
is in progress at this time.

 Is One Ancillary Molecular Test Superior 
to the Others?

There is no evidence to date that one of the commercially 
available tests described in this chapter is superior to any of 
the others. On the one hand, direct head-to-head compari-
sons between these tests using a common validation cohort 
are currently lacking, due in part to the prohibitive costs 
associated with such a study. While the NPV and PPV 
reported by the clinical validation studies for each test reflect 
test performance to a degree, the differences in test design as 
well as differences in the composition of their respective vali-
dation cohorts limit meaningful comparison across studies. 
For these reasons, the latest management guidelines from the 
American Thyroid Association (ATA) do not endorse a spe-
cific molecular test for thyroid FNAs with indeterminate 
cytology [2].

With these caveats in mind, one emerging viewpoint is that 
the various approaches for molecular testing of thyroid FNA 
samples may be fundamentally similar from the standpoint of 
patient care. A high NPV for ruling out cancer remains a 
shared and vital goal for all four molecular tests reviewed in 
this chapter: the ability to identify biologically benign nod-
ules preoperatively can triage appropriate patients toward 
clinical observation, thereby avoiding thyroid lobectomy for 
purely diagnostic purposes.

Genotyping tests offer a high degree of granularity in their 
results compared to the binary outcomes of gene expression-
based tests; yet, for clinical decision-making, the granular 
genotyping results are typically binned into broader risk 
 categories to help patients and clinicians choose between 
clinical observation and surgical management (and for the 
latter, to guide the extent of initial thyroid surgery). As a case 
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in point, the detection of RAS and RAS-like mutations in 
FNA samples by genotyping tests such as ThyroSeq – while 
providing insight into the phenotype and molecular biology 
of a patient’s thyroid nodule – generally leads to similar risk-
based management recommendations (diagnostic lobec-
tomy) as a “suspicious” Afirma GEC result.

The addition of markers that help “rule in” malignancy 
such as the BRAF V600E mutation (in the form of the 
Afirma BRAF test) and RET-PTC1/3 gene fusions to 
Afirma’s test panel further supports the notion that the dif-
ferent molecular tests for thyroid FNAs appear to converge 
with respect to their ability to stratify cytologically indetermi-
nate aspirates as being either high, intermediate, or low risk 
for cancer (Fig. 12.1).

 Ancillary Molecular Testing for Thyroid FNAs 
in the NIFTP Era

In recent years, there has been a trend toward more conserva-
tive treatment options for carefully selected low-risk thyroid 
neoplasms [2]. The recent nomenclature revision regarding 
noninvasive follicular thyroid neoplasm with papillary-like 
nuclear features (NIFTP) underscores ongoing efforts to 
classify and manage thyroid neoplasms commensurate to 
their risk of recurrence and/or metastasis [14].

Historically, thyroid tumors demonstrating a follicular archi-
tecture and the nuclear atypia of papillary carcinoma were clas-
sified as the “follicular variant” of papillary thyroid carcinoma 
(FV-PTC). However, the term “FV-PTC” itself encompasses 
tumors with diverse biologic and clinical characteristics; subclas-
sification of these tumors relies mainly on histopathologic evalu-
ation of tumor circumscription and invasion (Fig. 12.7). FV-PTCs 
with diffuse, infiltrative growth into the adjacent thyroid paren-
chyma (Infiltrative FV-PTC, Fig. 12.7a) are similar to classical 
papillary thyroid carcinoma (cPTC), with a tendency to be 
driven by BRAF-like alterations and a predilection for local 
recurrence and cervical lymph node metastasis [81–84].
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In contrast, FV-PTCs that are encapsulated or otherwise 
well-demarcated from the surrounding thyroid parenchyma 
bear more molecular and clinical resemblance to follicular 
adenoma/carcinoma rather than cPTC.  Encapsulated/well-
demarcated FV-PTCs with capsular or vascular invasion 
(Invasive Encapsulated FV-PTC, Fig. 12.7b) have a predilec-
tion for distant metastasis via hematogenous spread, similar 
to follicular carcinomas [85]. On the other hand, encapsu-
lated/well-demarcated FV-PTCs with no evidence of capsular 
or vascular invasion have an exceptionally indolent clinical 
course, akin to follicular adenomas [14, 83, 85–91]. Given the 
very low malignant potential of these tumors, the noninvasive 
subset of encapsulated/well-demarcated FV-PTC was recently 
reclassified as “noninvasive follicular thyroid neoplasm with 
papillary-like nuclear features” (Fig.  12.7c). NIFTP may be 

Infiltrative FV-PTC
Invasive

Encapsulated FV-PTC NIFTP

None to rareRelatively frequent

“BRAF-like”

Infiltrative; no encapsulation Well-circumscribed and/or encapsulated

Capsular and/or vascular
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Similar to FTC
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Figure 12.7 Follicular-patterned thyroid neoplasms with the nuclear 
atypia of papillary carcinoma: a comparison of pathologic, molecu-
lar, and clinical features. In the past, the term “follicular variant of 
papillary thyroid carcinoma” (FV-PTC) has been applied to each of 
these three tumors. Studies over the past decade have identified 
pathologically, molecularly, and clinically distinctive subcategories 
among these tumors: (a) infiltrative FV-PTC, (b) invasive encapsu-
lated FV-PTC, and (c) NIFTP. Abbreviations: NIFTP, noninvasive 
follicular thyroid neoplasm with papillary-like nuclear features; 
PTC, papillary thyroid carcinoma; FTC, follicular thyroid carcinoma
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considered a precursor to its invasive counterpart. Such 
tumors are adequately treated by thyroid lobectomy and gen-
erally do not require completion thyroidectomy or radioac-
tive iodine treatment [14, 85]. Careful adherence to the 
histopathologic criteria for NIFTP (Table 12.6) is essential to 
maintain the reproducibility and very low malignant poten-
tial of the NIFTP diagnosis [14, 92].

Genotyping studies of NIFTP have identified mutations in 
RAS, BRAF (K601E), and EIF1AX, as well as chromosomal 
rearrangements involving THADA or PAX8-PPARG [14, 
93]. These alterations are similar to those of other follicular-
patterned thyroid tumors such as follicular adenoma, follicu-
lar carcinoma, and invasive encapsulated FV-PTC and distinct 
from the “BRAF-like” genetic alterations characteristic of 

Table 12.6 Histopathologic inclusion and exclusion criteria for the 
diagnosis of noninvasive follicular thyroid neoplasm with papillary-
like nuclear features (NIFTP)
Inclusion criteria for NIFTP Exclusion criteria for NIFTP
Encapsulation or clear 
demarcation

Capsular or vascular invasion

Predominantly follicular 
growth pattern

True papillary architecture

Nuclear score of 2 or 3a >30% solid, insular, or trabecular 
architecture

Psammoma bodies

Features of tall cell or columnar 
cell variant of PTC

Tumor necrosis

>3 mitoses per 10 high-power 
(400x) fields

aNuclear score refers to a three-point scoring system for assessing 
the nuclear atypia. One point is assigned for each of the following: 
(a) nuclear size and shape [enlargement, elongation, overlapping], 
(b) nuclear membrane irregularities [irregular contours, grooves, 
pseudoinclusions], and (c) chromatin changes [pallor/clearing, mar-
gination of chromatin to membrane]

M. Nishino



285

cPTC and infiltrative FV-PTC [50, 67, 81, 84, 88, 94, 95]. 
Importantly, NIFTP and invasive encapsulated FV-PTC have 
overlapping molecular features, and the only distinguishing 
feature between NIFTP and invasive encapsulated FV-PTC 
to date is the histologic detection of capsular or vascular inva-
sion in the latter (similar to the distinction between follicular 
adenoma and follicular carcinoma). Consequently, the diag-
nosis of NIFTP can only be made on resection specimens 
following histologic examination of the entire tumor periph-
ery to exclude invasive growth [14, 92]. For these reasons, 
lobectomy is considered diagnostically necessary but thera-
peutically sufficient for NIFTP.

 What Are the Cytologic Features of NIFTP?

As its name suggests, NIFTP is characterized by a follicular 
growth pattern and the presence of “papillary-like nuclear 
features,” both of which can be seen to varying degrees in 
FNA cytology specimens. Retrospective studies have shown 
that nuclear atypia (nuclear enlargement and crowding, 
nuclear contour irregularity, nuclear molding, and chromatin 
pallor) can help distinguish aspirates of NIFTP from those of 
benign follicular nodules (i.e., follicular adenomas or adeno-
matous/hyperplastic nodules) [96–98]. Cytoarchitectural and/
or nuclear features may also help distinguish aspirates of 
NIFTP from cPTC and infiltrative FV-PTC. Architecturally, 
aspirates of NIFTP yield a predominantly microfollicular cel-
lular arrangement, in contrast to the papillary architecture or 
sheetlike groups characteristic of cPTC [99, 100]. Furthermore, 
nuclear contour irregularity is generally limited in NIFTP 
compared to cPTC or infiltrative FV-PTC, with most cases of 
NIFTP showing rare or no intranuclear cytoplasmic pseu-
doinclusions [84, 100–103]. These observations are in keeping 
with retrospective analyses showing that aspirates of NIFTPs 
(or equivalent tumors with their former name, noninvasive 
encapsulated FV-PTC) are usually classified in one of the 
indeterminate categories of TBSRTC (AUS/FLUS, FN/SFN, 
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or suspicious for malignancy) rather than as “malignant” [97, 
101, 104–111]. Thus, for aspirates with microfollicular archi-
tecture and modest nuclear atypia, recognition of the possi-
bility of NIFTP and judicious use of these indeterminate 
categories for such cases may help encourage lobectomy 
rather than total thyroidectomy as the initial surgical 
approach.

Of note, reliable cytologic distinction between NIFTP and 
invasive encapsulated FV-PTC is not possible due to overlap-
ping architectural and nuclear features [82, 84, 97, 99, 100]. As 
described above, the only distinguishing feature between 
these two tumors to date remains the histologic detection of 
capsular and/or vascular invasion.

 What Are the Implications of the NIFTP 
Nomenclature Change on Thyroid FNA 
Molecular Testing?

The four commercially available molecular tests for thyroid 
FNAs discussed in this chapter were developed and clini-
cally validated prior to the NIFTP nomenclature revision, 
at a time when noninvasive encapsulated FV-PTCs were by 
and large considered malignant tumors. Not surprisingly, 
these ancillary molecular tests often classify aspirates of 
NIFTPs as abnormal. Retrospective studies have reported 
NIFTPs among tumors identified as having “suspicious” 
Afirma GEC results [111–115] or RAS/“RAS-like” genetic 
alterations by genotyping tests such as ThyroSeq [60, 70, 
111, 113].

Some authors have suggested that these molecular testing 
results should be considered false-positive outcomes when 
detected in NIFTPs and have recommended revalidation of 
these tests in view of the NIFTP reclassification [116]. 
However, there are counterarguments to conflating NIFTP 
with nodules demonstrating overtly benign histology. In con-
trast to most benign follicular nodules, NIFTPs currently 
require surgical management (i.e., lobectomy) for diagnostic 
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and therapeutic purposes [14, 117]. In this light, the detection 
of NIFTPs as abnormal by molecular testing seems to be 
well-suited with current recommendations for diagnostic 
lobectomy for nodules with “suspicious” Afirma GEC results 
or RAS/“RAS-like” genotyping results.

 Conclusions

Molecular and clinicopathologic studies have contributed to 
an increasingly nuanced model of thyroid neoplasia in recent 
years. The emergence of molecular diagnostics for thyroid 
FNAs reflects a larger trend toward a more risk-stratified 
approach to the diagnosis and management of thyroid 
neoplasms.
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Breast cancer refers to a heterogeneous group of tumors that 
together comprise the most common type of cancer in 
women, accounting for 30% of all new cancer diagnoses [1].

The diagnosis and management of breast cancer relies on 
the evaluation of clinicopathological features such as 

Key Points

• Breast cancer is heterogeneous in terms of histologic 
appearance, molecular features, biology, and response 
to therapy

• Gene expression profiling studies have established a 
molecular classification identifying four major sub-
types: luminal A, luminal B, HER2 enriched, and 
basal-like

• ER, PR, and HER2 are the most important markers 
that are routinely part of diagnostic workup of all 
breast cancers because of their prognostic and pre-
dictive value

• ER and PR testing is routinely performed by IHC
• HER2 testing can be evaluated by IHC and/or ISH
• Rare special subtypes of breast carcinoma have 

pathognomonic translocations that can be identified 
by FISH

• Several molecular assays can be used to estimate the 
risk of recurrence and potential benefit of adjuvant 
chemotherapy

• CTCs and ctDNA show promise as prognostic bio-
markers and as ways to monitor disease and predict 
treatment

• Immunotherapy is being investigated in breast can-
cer, and immune checkpoint inhibitors show promise 
in its treatment

• Approximately 10% of breast cancer is hereditary; 
germline mutations in BRCA1 and BRCA2 account 
for half of these
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 histological subtype, grade, tumor size, presence of lympho-
vascular invasion, and axillary lymph node involvement [2–4]. 
The choice of treatment largely relies on these factors and the 
presence or absence of three key biomarkers, ER, PR, and 
HER2, which also carry prognostic significance. Currently, 
these are the only biomarkers recommended by ASCO and 
CAP for routine clinical management of patients with pri-
mary, recurrent, and metastatic breast carcinoma [5–7]. In 
addition, a handful of well-known translocations in rare sub-
types are recognized and assayed by FISH.

Studies, initially using gene expression arrays and subse-
quently using an RT-PCR assay, have demonstrated that most 
breast cancers can be classified into one of the four molecular 
subtypes based on their gene expression signatures: luminal 
A, luminal B, HER2-enriched, and basal-like. Recently, 
molecular testing has gained prominence in breast cancer 
management. A number of gene expression-based tests are 
now available in early breast cancer to assess prognosis and 
identify patients with ER-positive breast cancer who may 
benefit from chemotherapy in addition to endocrine therapy. 
Next generation sequencing has also begun to be used to 
search for unexpected potential drug targets. CTCs and 
ctDNA are also under investigation for clinical utility. As our 
understanding of the immune landscape of breast cancer 
evolves, immunotherapy and the role of the immune micro-
environment are being investigated as well.

In this chapter, we review the main biomarkers and molec-
ular tests used in breast cancer, beginning with ER, PR, 
HER2, and Ki-67; describe the role of FISH in identifying 
recurrent translocations in some breast cancer subtypes; dis-
cuss molecular classification of breast cancer and molecular 
prognostic tests; describe some molecular tests and treat-
ments that show promise for future management of breast 
cancer; and discuss common germline mutations seen in 
hereditary breast cancer.
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 Biomarkers ER, PR, HER2, and Ki-67

The biomarkers used in routine clinical management of 
patients with primary, recurrent, and metastatic breast carci-
noma are ER, PR, and HER2 [5–7]. A minority of invasive 
breast carcinomas, approximately 15%, do not express any of 
these markers and are classified as triple negative [8]. The 
role of the proliferation marker Ki-67 has been extensively 
studied, but its use in routine clinical practice varies among 
institutions.

 Hormone Receptors ER and PR

The majority of breast carcinomas, approximately 70%, are 
ER positive. ER status predicts the likelihood of response to 
endocrine therapy such as tamoxifen and aromatase inhibi-
tors. ER and PR testing is routinely performed in the evalua-
tion of patients with invasive breast carcinoma to determine 
which patients should be treated with antiestrogen therapy. 
ER testing, with or without PR testing, is performed in cases 
of DCIS.

Proper specimen handling is required to obtain the most 
accurate results for ER/PR assays. ASCO and CAP provide 
best practice guidelines on how to handle specimens, with 
their most recent updates being in 2010 [5]. Specimens used 
for testing (cytology specimens, CNB, or resection specimens) 
should have an ischemic time (i.e., time to fixation) of ≤ 1 h 
and be fixed in 10% neutral buffered formalin for 6–72 h. The 
guideline mentions that cytology specimens fixed in alcohol 
may result in uninterpretable results [5]. Correlation with 
morphology and clinical information or repeating the assay in 
a different sample may be of use. However, studies evaluating 
the performance of ER assays performed on cytology sam-
ples collected into an alcohol fixative which is then formalin 
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fixed, or samples collected directly into formalin, show good 
correlation with those performed on histologic tissue samples 
fixed per ASCO/CAP guidelines [9, 10]. ICC analysis of ER 
can also be successfully performed on alcohol-fixed direct 
smears; the use of air-dried direct smears show less concor-
dance [11–13]. PR results, on the other hand, show variable 
concordance and may be falsely negative.

Hormone receptor status is determined by the nuclear 
expression of ER and PR in accordance with the ASCO/CAP 
guidelines [5]. The guidelines require that reports include 
percentage/proportion of tumor cells with nuclear staining, 
the intensity of staining, and an interpretation. The percent-
age of tumor cells is determined by evaluating all tumor cells 
on the slide and can be performed by estimation or quantifi-
cation. The intensity of staining is an estimate of the average 
staining in the positive cells and is reported as weak, moder-
ate, or strong. The interpretations reported include positive, 
negative, and uninterpretable. A positive result requires that 
a minimum of 1% of the tumor cells are positive at any inten-
sity (Fig. 13.1a–d). For cytology samples with limited tumor 
cellularity or scant tumor staining, the guidelines state that 
100 cells should be counted or used to estimate percentage.

Carcinomas that have low-level expression of ER (1–10%) 
may have outcomes more similar to patients that are ER 
negative and may not benefit from endocrine therapies [14]. 
Further, many of these carcinomas are of non-luminal sub-
types by gene expression profiling. As we learn more about 
tumor heterogeneity and better understand tumor biology 
and clinical implications, we can better define which patient 
population will best benefit from endocrine therapy.

 HER2

Approximately 10–15% of breast cancers are clinically HER2 
positive [15]. HER2 expression identifies patients who are 
likely to benefit from HER2-targeted therapy such as trastu-
zumab, lapatinib, and others. These targeted therapies have 
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been shown to improve disease free and overall survival [5]. 
However, because of the side effects of this therapy, only 
patients who are expected to benefit should be treated. 
HER2 is evaluated in early-stage invasive carcinoma and in 
recurrent or metastatic breast cancer; HER2 testing is not 
routinely performed on DCIS.  The test may be repeated if 
there is a histopathologic discrepancy such as a high-grade 
tumor that is HER2 negative.

As with ER and PR assays, the ASCO and CAP guidelines 
have specific criteria about how tissue should be handled 

a b

c d

Figure 13.1 Metastatic breast carcinoma to pleural fluid. 
Papanicolaou-stained ThinPrep (a) and H&E-stained cellblock slide 
(b) with corresponding ER IHC (c) and PR IHC (d). The ER is 
positive with > 95% of tumor nuclei staining with strong intensity. 
The PR is positive with approximately 5–10% of tumor nuclei show-
ing medium intensity staining. The primary breast carcinoma, from a 
year prior, was a grade 2 invasive ductal carcinoma that was ER 
positive (> 95% of cells with strong staining), PR positive (1–5% of 
cells with medium staining), and HER2 negative (by IHC and 
FISH)
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prior to evaluation by IHC or ISH. Specimens used for test-
ing (cytology specimens, CNB, or resection specimens) should 
have an ischemic time (i.e., time to fixation) of ≤ 1 h and be 
fixed in 10% neutral buffered formalin for 6–72 h [7].

For cytology specimens fixed in alcohol, there may be 
issues with HER2 IHC and ISH concordance when com-
pared to formalin-fixed tissue samples [9, 10, 16]. CB prepara-
tions perform best when the aspirate specimen is collected 
directly in formalin. Cytology samples that are first fixed in 
alcohol and then fixed in formalin may infrequently have 
false-negative or equivocal results, although most studies 
show good correlation with matched tissue sections [17]. 
Studies have demonstrated good correlation of ISH between 
histologic tissue sections and air-dried direct smears from 
FNA samples [18]. When collecting a cytology specimen that 
is highly suspicious for breast cancer, collecting a sample in 
formalin or saving air-dried direct smears for HER2 ISH test-
ing should be considered.

HER2 status is determined by protein expression 
(IHC) and/or HER2 gene amplification (ISH). (Table  13.1, 
Fig. 13.2a, b) HER2 guidelines were updated in 2018 based 
on feedback from pathologists [7, 19–21].

The IHC definition for positive and negative did not 
change from the 2013 guidelines [7, 22]. The update clarified 
the definition of equivocal HER2 IHC (2+); it is now defined 
as weak to moderate complete membrane staining in > 10% 
of invasive tumor cells. The panel also recognized that there 
may be some unusual staining patterns that may not have 
incomplete staining but are HER2 amplified (i.e., micropapil-
lary carcinoma).

HER2 ISH can be performed by either a single-probe 
assay or dual-probe assay; however, in the updated guideline, 
the panel prefers dual-probe testing. HER2 is considered 
amplified when the assay shows ≥ 6.0 HER2 signals/cell using 
a single-probe system. By dual-probe testing, it is positive if 
there is a HER2/CEP17 ratio of ≥ 2.0 with an average HER2 
copy number of ≥ 4.0 (Fig. 13.3).
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There are uncommon dual-probe ISH groups (referred to 
as groups 2, 3, and 4) for which review of the IHC and ISH is 
recommended (see Table 13.1). These groups are estimated to 
account for about 5% of cases. If the corresponding IHC is 

a b

Figure 13.2 Metastatic breast carcinoma to pleural fluid. H&E-
stained cellblock slide (a) with corresponding HER2 IHC (b). The 
HER2 IHC shows 3+ strong membranous staining. The FISH is 
amplified with a HER2/CEP17 ratio of 3.1. The primary breast car-
cinoma, from 3 years prior, was a grade 3 invasive ductal that was 
ER positive, PR negative, and HER2 positive by IHC (3+) and 
FISH (HER2/CEP17 ratio of 3.9)

Figure 13.3 HER2-positive breast cancer. FISH using a dual-probe 
system – red signal denotes HER2 gene copies and green denotes 
copies of chromosome 17. This tumor shows HER2 gene amplifica-
tion. (Image courtesy of Christine Bryke, MD, Beth Israel Deaconess 
Medical Center, Boston, MA)
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3+, then the HER2 result is positive; conversely, if the IHC is 
0 or 1+, then the HER2 result is negative. For cases with 
equivocal IHC (2+), then the ISH slide must undergo addi-
tional review. If review does not result in an unequivocal 
positive or negative, then the diagnosis is as listed in 
Table 13.1. The guidelines provide example comments to be 
included in the report for these uncommon situations [7].

As previously mentioned, HER2 testing is performed by 
IHC and/or ISH. Some institutions perform one assay or the 
other and reflex to a second assay only if results are equivo-
cal; others perform both IHC and ISH concurrently. For 
example, many institutions initially perform IHC and reflex 
equivocal (2+) results for ISH testing.

Some laboratories have used an alternative chromosome 
17 probe in double-equivocal cases – cases that were equivo-
cal by IHC and ISH. Using the alternative probe resulted in 
a minor increase in breast cancers classified as HER2 posi-
tive. There was not sufficient data to determine if this popula-
tion of patients benefit from HER2-targeted therapy. 
Therefore, the 2018 guidelines do not recommend routine use 
of alternative chromosome 17 probes [7]. While not part of 
the current guidelines, there are data to suggest that perhaps 
utilizing molecular assays, such as determining the molecular 
subtype or use of next-generation sequencing, may be a bet-
ter predictor of response to HER2-targeted therapy [23–26].

 Ki-67

The Ki-67 proliferation index is important to mention because 
it has been investigated as a prognostic and predictive factor 
[27–29]. In routine practice it is evaluated by IHC on cyto-
logic or tissue samples [30]. However, there are no uniformly 
accepted standards for pre-analytic processing, staining meth-
odology, or interpretation, and there is considerable inter-
observer variability in its evaluation [14, 31, 32]. In a 
proportion of cases, the interpretation of Ki-67 labeling dif-
fers from FNA (or core-needle biopsy) when compared with 
the resected primary breast tumor resulting in both falsely 
high and low results [13, 30, 33].
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While high and low values are clinically reproducible and 
can be clinically useful, there are no universally agreed upon 
cutoffs. Currently a Ki-67 labeling index by IHC is not recom-
mended by the AJCC or NCCN to guide adjuvant endocrine 
therapy or chemotherapy decisions [34–38].

The evaluation of proliferation by Ki-67, along with ER, 
PR, and HER2, can be used to determine the IHC4 score and 
has been shown to provide prognostic information in patients 
with ER-positive breast cancer that have been treated endo-
crine therapy [39]. The IHC4 score utilizes levels of ER, PR, 
HER2, and Ki-67 and a complex weighted algorithm [39, 40].

Evaluation of proliferation is useful in determining prog-
nosis, and genes involved in proliferation are utilized in the 
multi-gene signatures discussed below [14].

 Molecular Classification of Breast Cancer

Knowledge gained over the past few decades has provided us 
with alternate ways to categorize breast cancer. The molecu-
lar classification system was initially proposed by Perou and 
colleagues in 2000 [41, 42].

Initial gene expression profiling identified four intrinsic 
subtypes of breast carcinoma: luminal-like, HER2 enriched, 
basal-like, and normal breast-like. Further analysis refined 
characterization of the subtypes, including division of the 
luminal category into luminal A and luminal B subtypes. 
Subsequent studies have identified additional subgroups 
including claudin low and molecular apocrine [29]. Currently, 
the most widely accepted and reproducible subtypes have 
been designated luminal A, luminal B, HER2-enriched, and 
basal-like [27, 29, 43] (Table 13.2).

The luminal group is so named because it has expression 
profiles similar to the normal luminal epithelial component 
of the breast and comprises approximately 70% of all breast 
carcinomas [43]. Carcinomas that cluster in this group express 
hormone receptors ER and PR [29]. Luminal A carcinomas 
have high expression of ER and low expression of  proliferation 
markers and have a good prognosis. Luminal B carcinomas 
tend to have a higher histologic grade, a higher proliferation 
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rate, and a subset of them overexpresses HER2. Luminal A 
carcinomas have a more favorable prognosis compared to 
luminal B carcinomas.

The HER2-enriched group, comprising approximately 
15% of breast cancers, is composed of carcinomas that gener-
ally have high expression of HER2 and other genes in that 
amplicon [44]. These carcinomas have a low expression of 
hormone receptor-associated genes and are clinically 
hormone receptor negative [29]. Not all clinically HER2-
positive carcinomas are HER2-enriched by gene expression 
profiling; half of HER2-positive carcinomas detected by IHC 
and/or ISH have this molecular phenotype, but the rest clus-
ters with the luminal groups [44]. HER2-enriched carcinomas 
overall have a poor prognosis; however, the introduction of 
HER2-targeted therapies has improved the survival of this 
patient population [22].

The basal-like group is a heterogeneous group of carcino-
mas [43]. A majority of these carcinomas, approximately 
55–85%, are triple negative (i.e., negative for ER, PR, and 
HER2); conversely, approximately 75–85% of triple-negative 
carcinomas are basal-like by gene expression profiling [45, 
46]. Tumors in the basal-like group express high-molecular 
weight cytokeratins as seen in normal myoepithelial cells 
(“basal cells”) of the breast, have low expression of ER-related 
genes, and do not overexpress HER2 [43, 45]. Treatment is 
based on chemotherapeutic agents because triple-negative 
carcinomas do not respond to endocrine or HER2-targeted 
therapies. Approximately 80% of breast cancers that occur in 
women with germline mutations in BRCA1 are basal-like. 
Drugs targeting poly (ADP-ribose) polymerase (PARP) have 
been evaluated for use in these patients. The FDA recently 
approved a PARP inhibitor for use in certain types of BRCA-
mutated carcinomas. The majority of basal-like carcinomas 
have a poor prognosis; however, there are special subtypes of 
breast carcinoma, including adenoid cystic carcinoma and 
secretory carcinoma (discussed below) and acinic cell carci-
noma that are basal-like by gene expression profiling but 
have a good prognosis [47].
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Attempts at using immunohistochemistry as surrogates for 
approximation of molecular subtype have been proposed but 
are imperfect [31, 43, 48–50]. (Table 13.2) The carcinomas that 
cluster in the luminal group are generally hormone receptor 
positive by gene expression and IHC. Luminal A carcinomas 
are ER and PR positive and HER2 negative and have a low 
proliferation by Ki-67 labeling. Luminal B carcinomas are 
ER positive but may show a lower expression of PR both 
clinically and by gene expression. Luminal B carcinomas can 
be either HER2 negative with high proliferation by Ki-67 
labeling or HER2 positive with low proliferation. 
 HER2-enriched carcinomas are hormone receptor negative 
and are clinically HER2 positive (IHC or ISH). A majority of 
basal-like carcinomas are triple negative and show expression 
of high-molecular weight cytokeratin CK5/6 and EGFR [48].

These developments have helped provide a better under-
standing of the tumor biology and reinforce the heterogene-
ity the disease. The intrinsic molecular subtypes may be a 
better representation of the tumor biology, but currently they 
are not used clinically. The main factors that drive treatment 
decisions are knowledge of the tumor hormone receptor sta-
tus and HER2 status because this predicts who will benefit 
from endocrine and anti-HER2 therapy [14, 43].

 Special Subtypes of Breast Carcinomas 
with Associated Translocations

There are a few special histologic subtypes of breast cancer 
that resemble their counterparts in the salivary gland and 
harbor the same pathognomonic translocations which can be 
evaluated in the workup of these lesions. These include ade-
noid cystic carcinoma, secretory carcinoma, and mucoepider-
moid carcinoma (Table  13.3). It is important to correctly 
identify these special subtypes; while adenoid cystic carci-
noma and secretory carcinoma are triple negative and cluster 
in the basal-like group by gene expression profiling, they 
generally have a good prognosis.
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 Adenoid Cystic Carcinoma

Adenoid cystic carcinomas of the breast and salivary gland 
have rearrangement of the MYB gene, most frequently a 
recurrent translocation involving the MYB and NFIB genes 
[47] (Fig. 13.4a, b). This translocation is seen in 23–100% of 
cases of adenoid cystic carcinoma in the breast; a single case 
with MYB amplification has been reported [47, 51]. This 
translocation, t(6;9)(q22–23;p23–24), leads to a MYB-NFIB 
fusion gene which results in overexpression of the MYB pro-
tein [51, 52]. The use of IHC for MYB can be utilized as a 
surrogate to FISH [53]. When evaluating MYB IHC, in the 
context of the appropriate morphology and immunoprofile, 
strong and diffuse nuclear staining is needed to support a 
diagnosis of adenoid cystic carcinoma.

 Secretory Carcinoma

A majority of secretory carcinomas (> 90%), like the secre-
tory carcinomas of the salivary gland, harbor a recurrent 
translocation. The translocation t(12;15)(p13;q25) results in 
the ETV6-NTRK3 fusion gene encoding a chimeric tyrosine 
kinase protein [15, 47]. Therapies targeting the NTRK kinase 
have been utilized [26].

a b

Figure 13.4 Adenoid cystic carcinoma. Papanicolaou-stained 
ThinPrep (a) shows basaloid cells that surround variably sized 
spheres of matrix material. The corresponding surgical excision (b) 
shows the infiltrating nests with a cribriform architecture
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 Mucoepidermoid Carcinoma

Mucoepidermoid is another rare primary breast carcinoma, 
accounting for 0.3% of all breast cancers, similar to its coun-
terpart in the salivary gland. It harbors a translocation, t(11;19)
(q21;p13), creating a MECT1-MAML2 fusion protein [29, 54].

 Multi-gene Prognostic Tests

Multi-gene prognostic tests for breast cancer have been 
developed and employed in clinical practice to provide infor-
mation about how carcinomas will respond to systemic ther-
apy as well as prognostic information regarding patient 
outcome. Many of the genes evaluated in these assays are 
associated with hormone receptors, HER2, and proliferation. 
Since most ER-negative carcinomas are considered high-risk, 
the prognostic value of these multi-gene assays is in 
ER-positive carcinomas [51].

While most of these tests are used in the adjuvant setting 
after definitive surgical resection, use in the neoadjuvant set-
ting is being studied [55]. These assays are performed on 
FFPE tissue sections and are important to be aware of since 
they are utilized in clinical practice. The most common tests 
are Oncotype DX, MammaPrint, the Prosigna Breast Cancer 
Prognostic Gene Signature Assay, EndoPredict, and Breast 
Cancer Index. The Prosigna assay and EndoPredict assay can 
be set up in a local laboratory, whereas the others are per-
formed at a central laboratory. In the eighth edition of the 
AJCC staging manual, the Oncotype DX score can be incor-
porated into the staging of ER-positive and HER2-negative 
breast cancer [36].

 Oncotype DX

Oncotype DX (Genomic Health, Redwood, CA) is a 21-gene 
RT-PCR assay that measures gene expression in FFPE carci-
noma samples (CNB or surgical resection specimen). The 21 
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genes include 16 cancer-related and 5 control genes [27, 40, 
56]. The 16 cancer-related genes are those involved in prolif-
eration, ER expression, HER2, and invasion.

This assay estimates the risk of relapse in patients with 
ER-positive, HER2-negative, and lymph node-negative 
breast cancer and provides information about value of che-
motherapy in addition to endocrine therapy in this patient 
subgroup [56, 57]. Patients are divided into three groups 
based on a calculated recurrence score (RS) that is reported 
as a continuous variable between 0 and 100. This score esti-
mates the likelihood of distant recurrence within 10  years. 
The RS is also predictive of locoregional recurrence in 
patients treated with endocrine therapy [58, 59]. Initially vali-
dated in patients with lymph node-negative disease, it also 
predicts chemotherapy benefit in patients with lymph node-
positive breast cancer [57, 60–62]. Results of the Rx for 
Positive Node, Endocrine-Responsive Breast Cancer Trial 
(RxPonder) will provide information about whether the 
addition of chemotherapy to endocrine therapy in patients 
with node-positive breast cancer and low-to-intermediate RS 
provides any benefit [57, 62].

Based on the RS, patients are stratified into low- (< 18), 
intermediate- (18–30), and high- (31–100) risk groups. Patients 
with low RS have a low risk of locoregional or distant recur-
rence and do not benefit from chemotherapy [57, 59]. Patients 
with high-risk RS have a high risk of recurrence and do ben-
efit from the addition of chemotherapy to endocrine therapy. 
Initially it was unclear if the addition of chemotherapy would 
benefit the patients in the intermediate-risk group. The 
results of Trial Assigning Individualized Options for Treatment 
(TAILORx) showed that hormone receptor-positive, HER2-
negative, axillary lymph node-negative patients in the inter-
mediate group had similar outcomes when treated with 
adjuvant endocrine and chemoendocrine therapy; however, 
in some women 50 years of age or younger, there was some 
benefit of adjuvant chemotherapy [63].

Oncotype DX is the most widely used genomic assay in the 
USA and is currently performed on FFPE breast cancer tis-
sue. Oncotype DX is performed on early-stage invasive breast 
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cancer that is ER positive and HER2 negative. The lymph 
node status is incorporated into the results so that information 
is necessary for appropriate interpretation. The NCCN guide-
lines suggest utilizing this assay to help determine if patients 
should receive chemotherapy in addition to endocrine ther-
apy in carcinomas that are hormone receptor positive, HER2 
negative, > 0.5  cm, and lymph node negative or with a 
micrometastasis (≤ 2 mm) [64]. A separate assay for patients 
with DCIS is also available (the Oncotype DCIS score).

 MammaPrint

The MammaPrint assay (Agendia NV, Amsterdam, 
Netherlands) is a microarray-based assay that was cleared by 
the FDA in 2007. The initial limitation of this assay was that it 
required fresh tissue, but it is now validated for use on FFPE 
tissue samples. The basis for this assay was a prognostic signa-
ture based on expression of 70 genes [65]. The genes were 
initially identified in 78 tumors from a cohort of lymph node-
negative breast cancers that were 5 cm or smaller in women 
under 55  years of age. Half the patients were ER positive. 
Genes were identified that portended either a good or bad 
prognosis.

The prognostic signature was later validated in large stud-
ies in patients with node-positive and node-negative disease. 
Early results from the prospective Microarray in Node-
Negative and 1 to 3 Positive Lymph Node Disease May Avoid 
Chemotherapy  (MINDACT) trial found that women who 
had high-risk breast cancer based on standard clinicopatho-
logic features and who had 0–3 positive lymph nodes may not 
require chemotherapy based if they have a low-risk 
MammaPrint result [66].

MammaPrint results are reported as either low risk or high 
risk and are meant to help select patients who are likely to 
benefit from chemotherapy; however, it does not make rec-
ommendations about endocrine therapy. Based on results of 
the assay, a select group of patients who would have received 
chemotherapy as standard of care may be spared [35].
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MammaPrint is performed on early-stage breast cancer 
that is < 5 cm and can be ER positive or negative. The assay 
has been validated in both lymph node-negative and lymph 
node-positive patients.

 Prosigna Breast Cancer Prognostic Gene Signature 
Assay

The Prosigna Breast Cancer Prognostic Gene Signature 
Assay (NanoString Technologies, Seattle, WA) is a modifica-
tion of the prediction analysis of microarray 50 (PAM50) 
assay and was approved by the FDA in 2013 [55]. The assay 
is validated for postmenopausal women with ER-positive 
breast carcinomas with either node-negative (stage I or II) or 
node-positive disease (stage II). It is performed on FFPE tis-
sue sections. The initial studies that categorized the intrinsic 
subtypes measured the expression of thousands of genes. The 
PAM50 assay was designed to reproducibly identify the 
intrinsic subtypes based on a smaller set of genes  – the 
expression of 50 genes and 5 reference genes [67].

The assay is a 50-gene RT-PCR microarray performed on 
postoperative FFPE tissue samples of invasive carcinoma. It 
assigns tumors to one of the following intrinsic subtypes: 
luminal A, luminal B, HER2-enriched, and basal-like. It also 
evaluates clinical variables and gene expression profiles to 
provide a risk of distant recurrence at 10 years in postmeno-
pausal women with hormone receptor, node-negative or 
node-positive disease [27]. In patients with node-negative 
cancers, the risk of recurrence (ROR) is classified as low, 
intermediate, or high. In node-positive cancers, the score is 
reported as low-risk or high-risk.

 EndoPredict

EndoPredict (Myriad Genetics, Inc., Salt Lake City, UT) is 
an RT-PCR-based assay [68]. Based on the evaluation of 
eight cancer-related genes and three reference genes, and 

Chapter 13. Molecular Diagnostics in Breast Cytology



322

relevant clinicopathologic factors (tumor size and nodal 
status), a score (EPclin) is calculated. This genomic test is 
for patients with early-stage, ER-positive, HER2-negative, 
and lymph node-negative breast cancer. It predicts the risk 
of metastases in patients being treated with endocrine 
therapy alone [69]. The results are binary  – low-risk and 
high-risk.

 Breast Cancer Index

Breast cancer index (bioTheranostics, San Diego, CA) is an 
RT-PCR-based assay [70, 71]. It uses a combination of two 
gene expression biomarkers, the H/I ratio (HOXB23, 
IL17BR) and the molecular grade index (MGI), to predict 
the risk of late recurrence (5–10 years after diagnosis). The 
MGI incorporates genes involved in proliferation. The prog-
nostic utility of these biomarkers was validated in the 
Stockholm trial in a cohort of patients treated with tamoxi-
fen [70, 72]. The assay is utilized in ER-positive, node-nega-
tive breast cancer. The results provide information about 
whether or not extending hormone therapy would be 
beneficial.

 Next-Generation Sequencing

Breast cancer, as with all cancers, develops because of muta-
tions and alterations in certain genes [73]. There are a limited 
number of genes for which more than 10% of breast tumors 
show alterations. The Tumor Cancer Genome Atlas (TCGA) 
reported that the most common mutations are in TP53 (37%) 
and PIK3CA (36%); others have reported similar findings 
[45, 74].

The types of alterations vary depending on the hormone 
receptor and HER2 status and by the molecular subtype of 
the carcinoma. The luminal A and luminal B breast cancers 
show the most frequent number of and more diverse altera-
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tions compared to HER2-enriched and basal-like [29, 45, 75] 
(Table 13.4). While primary and metastatic breast carcinomas 
often have a similar profile, they do not always [74, 75]. The 
Aiming to Understand the Molecular Aberrations in 
Metastatic Breast Cancer trial (AURORA) is a multinational 
study that will utilize NGS profiling in advanced breast can-
cer with the goal to provide insights into the genetic altera-
tions in metastatic breast cancer and the response to targeted 
therapies [76, 77].

Clinically, patients who have relapsed or recurrent carci-
noma that has been refractory to their current treatment regi-
men may benefit from having their carcinoma evaluated for 
mutations that have targetable treatments or for which a 
clinical trial is available. Sequencing a large panel of genes 
can identify which alterations drive a specific patient’s dis-
ease [26]. The samples used for NGS in this context are the 
treated carcinoma sample. This technology is successfully 
performed on solid tumors. Appropriate samples include 
FFPE tissue samples, FFPE cellblock cytology samples from 
FNA or effusions, and other cytology specimens including the 
supernatant [26, 78].

Table 13.4 Molecular subtype of primary breast carcinoma and 
commonly associated gene alterations [45, 75]

Gene mutations Other genes
Luminal 
A

PIK3CA (45%), GATA3 
(14%), TP53 (12%), MAP3K1 
(13%), CDH1 (9%), MAP2K4 
(7%), AKT1 (4%)

Luminal 
B

PIK3CA and TP53 (29% each), 
GATA3 (15%)

ATM loss, MDM2 
amplification

HER2-
enriched

TP53 (72%), PIK3CA (39%) HER2 
amplification 
(80%)

Basal-like TP53 (80%), PIK3CA (9%) PTEN loss; RB1 
mutation/loss 
(20%)

Chapter 13. Molecular Diagnostics in Breast Cytology



324

 Circulating Tumor Cells and Cell-Free 
Tumor DNA

Evaluations of CTCs and ctDNA are considered “liquid 
biopsies” (also see Chap. 20). These biomarkers may be 
useful for monitoring disease in patients with breast 
cancer.

CTCs are cancer cells that have entered the blood stream. 
Their presence, most often seen in patients with metastatic 
carcinoma, is a poor prognostic sign and is associated with 
shorter survival. There are multiple methods to evaluate 
CTCs, but there is currently only one FDA-approved assay – 
CellSearch (Menarini Silicon Biosystems, Inc., Florence, 
Italy). Studies performed in breast cancer patients have 
shown that for patients with metastatic breast carcinoma, 
CTC levels of ≥5 cells per 7.5 mL of blood is associated with 
a poor prognosis [79, 80]. The presence of CTCs in patients 
without metastatic breast carcinoma is a bad prognostic sign 
as they predict early recurrence and decreased overall sur-
vival [80, 81]. The DNA from CTCs can be evaluated by NGS 
to identify genomic alterations that may have targetable 
therapies.

Cell-free DNA (cfDNA) is shed into the circulation by 
both normal cells and carcinoma cells. NGS evaluation of 
the circulating tumor DNA (ctDNA) has been used to iden-
tify clinically relevant alterations without tumor biopsy and 
has been shown to have prognostic value in patient out-
come [80, 82]. There is currently no identified cutoff that 
correlates with prognosis. The evaluation of ctDNA can 
capture many of the targetable mutations seen in tissue 
biopsies and therefore may spare patients from undergoing 
a biopsy.
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 Immunotherapy

The immune system plays a role in the development and pro-
gression of breast cancer [83]. Studies have shown that tumor-
infiltrating lymphocytes (TILs) are prognostic and are 
predictive of response to certain therapies [84]. In particular, 
breast carcinomas that are HER2 positive and triple negative 
often have detectible TILs, which in some cases are prominent 
[84]. Based on the success of immunotherapy seen in many 
solid tumors, there is an interest in how breast cancer will 
respond. Immune checkpoint inhibitor therapy specific for 
CTLA-4, PD-1, and PD-L1 is being investigated in breast can-
cer [85]. Immunotherapy has shown promise for the treatment 
of breast carcinoma but is currently not a standard of care.

 Hereditary Breast Cancer

Approximately 10% of breast cancer cases are hereditary [27, 
51, 64, 86, 87]. About half of these are due to germline muta-
tions in BRCA1 or BRCA2. Other genes associated with 
increased risk for development of breast cancer, some of 
which are associated with clinical syndromes, include TP53, 
ATM, CDH1, CHEK2, PALB2, PTEN, and STK11 
(Table 13.5). After appropriate screening and genetic coun-
seling, evaluation may be appropriate for patients who are 
suspected of harboring a high-risk germline mutation [64, 88]. 
There are different options when selecting an appropriate 
test and include syndrome or gene-specific tests, high-pene-
trance gene panels, high and moderate panels, and compre-
hensive panels that include genes in multiple different 
cancers and syndromes [89].
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 Conclusion

Advances in molecular pathology have broadened our under-
standing of the biology of breast cancer and changed the way 
we classify it. The assay options that impact how we manage 
and treat patients with breast cancer are growing. However, 
practical considerations when determining utility of these 
assays include cost and availability: they are expensive, may 
not be available to everyone, and do not always provide 
 necessary additional information [4, 14]. While the addition 
of molecular assays can help guide treatment decisions, 
microscopy remains essential in management of breast can-
cer [90]. The most critical information that pathologists can 
provide to ensure their patients receive appropriate care is a 
careful gross and microscopic evaluation, accurate diagnosis, 
and information about the hormone receptor status and the 
HER2 status [5, 14, 22, 43].
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EMC Epithelial-myoepithelial carcinoma
FC Flow cytometry
FFPE Formalin-fixed paraffin-embedded
FISH Fluorescence in situ hybridization
FNA Fine-needle aspiration
GFAP Glial fibrillary acidic protein
HCCC Hyalinizing clear cell carcinoma
ICC Immunocytochemistry
LEF-1 Lymphoid enhancer-binding factor 1
MEC Mucoepidermoid carcinoma
NGS Next-generation sequencing
PA Pleomorphic adenoma
PLGA Polymorphous (low-grade) adenocarcinoma
RT-PCR Reverse transcription-polymerase chain 

reaction
SDC Salivary duct carcinoma
SeCa Secretory carcinoma
SGT Salivary gland tumor
SMA Smooth muscle actin
SQCC Squamous cell carcinoma
STAT-5a Signal transducer and activator of transcription 

5a
WT Warthin tumor

Key Terminology

Break-apart FISH probes Break-apart FISH probes are 
designed to detect specific trans-
locations. They are designed to 
flank on either side of a gene so 
that in the presence of a translo-
cation, the two colors will lead to 
a split signal

Gene fusion A fusion gene is a hybrid gene 
formed from two previously sepa-
rate genes. It can occur as a result 
of translocation, interstitial dele-
tion, or chromosomal inversion. 
Gene fusions are known in many 
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cancers as driver or passenger 
mutations. They play an impor-
tant role in both etiology and 
pathogenesis of cancer and are 
considered as potential diagnostic 
and prognostic markers and pos-
sible therapeutic targets

Mutation Change in the nucleotide 
sequence of a gene or a chromo-
some. It may be classified into 
various ways. One of these classifi-
cations involves classifying muta-
tions based on the effect on 
structure: (1) small-scale muta-
tions and (2) large-scale mutations

Translocation A rearrangement in which a seg-
ment of one chromosome is 
transferred to another nonho-
mologous chromosome or to a 
new position within the same 
chromosome

Key Points

• Salivary gland tumor (SGT) cytomorphology guides 
the application of ancillary techniques

• Ancillary techniques are needed in some cases of SGT 
in order to overcome the morphological limitations

• Recent discoveries of specific translocations and 
resulting fusion oncogenes in subsets of SGT may lead 
to a new paradigm in diagnosing FNAC samples

• Molecular results must be interpreted within the con-
text of the clinical, radiologic, and cytologic findings

• Awareness of known advantages and limitation of 
specific molecular techniques is important for corre-
lating molecular findings with a specific cytologic 
diagnosis
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 General Background

The role of fine-needle aspiration (FNA) in the evaluation 
and management of salivary gland lesions is well established 
[1–7]. However, salivary gland FNA remains one of the more 
challenging areas in diagnostic cytopathology for the follow-
ing reasons: (a) the heterogeneous nature of salivary gland 
tumors (SGTs), with more than 40 different types of neo-
plasms described in the current WHO classification scheme; 
(b) the intratumoral heterogeneity of biphasic SGT; and (c) 
the morphologic components shared among SGTs, such as 
oncocytic cells, squamous metaplasia, clear cells, hyaline glob-
ules, and myoepithelial cells. Therefore, in some cases a spe-
cific diagnosis may not be rendered based on morphology 
alone, and the resulting diagnostic uncertainty can affect 
clinical management. Several authors have demonstrated 
that the use of ancillary techniques (including immunocyto-
chemistry and molecular testing) can overcome the morpho-
logical limitations and refine the diagnostic practice of 
salivary gland cytology [1–20].

Recently, subsets of SGTs have been characterized cytoge-
netically by the presence of specific and recurrent transloca-
tions [1–13]. These translocations and the consequent fusion 
oncogenes and oncoproteins can serve as diagnostic markers 
in FNA specimens of salivary gland lesions. The interpreta-
tion of molecular test results also requires knowledge of the 
molecular pathology of the different entities and their clinical 
relevance. For example, a case of salivary gland adenocarci-
noma not otherwise specified can be better subclassified as a 
hyalinizing clear cell adenocarcinoma (HCCC) based on the 
specific gene fusion (EWSR1-ATF1) [3, 4].

Ancillary techniques such as special histochemical 
stains,  immunocytochemistry (ICC), fluorescence in situ 
 hybridization (FISH), reverse transcriptase polymerase chain 
reaction (RT-PCR), next-generation sequencing (NGS), and 
flow cytometry (FC) can be successfully applied to FNA 
material to improve the diagnostic accuracy for many SGTs 
[3–23]. Several of these techniques can be easily introduced 
into the diagnostic workflow, particularly as they become 
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more widely available, cost-effective, and efficient with 
shorter turnaround times [3, 4]. Although several publications 
have highlighted the feasibility and reliability of their use in 
a variety of cytology specimen preparations, the application 
of ancillary testing to formalin-fixed paraffin-embedded 
(FFPE) cellblock material is considered the most reliable [3, 
4, 8] (Table 14.1). The reason can be attributed to the fact that 
the majority of biomarkers evaluated by immunoperoxidase 
(IPOX) staining have been validated using FFPE tissue 
blocks. Thus, cytology cellblocks have the advantage of being 
analogous to paraffin tissue blocks, with minimal need of 
standardization for ICC.

Although these ancillary techniques are carried out mostly 
on cellblocks, some authors have emphasized that they can 
also be performed on both conventional and liquid-based 
cytology (LBC) preparations (Table 14.1). Among the ancillary 
techniques, ICC, FC, and FISH are the tests most frequently 
used to rule out lymphomas and subclassify SGTs. Cytologic 
preparations (smears and cytospins) are generally considered 
superior to FFPE cellblock or tissue sections for FISH, since 
the whole nuclei of intact cells inherent to cytologic preparations 

Table 14.1 Cytology material adequate for the application of 
molecular testing [13–23]

Technique/
methodology

Conventional 
cytologic 
preparations

Liquid-based 
preparations Cellblocks

ICC ✓ ✓ ✓

Histochemistry ✓ ✓ ✓

DNA testing ✓ ✓ ✓

RNA testing ✓ ✓ ✓

FC ✓ ✓ ✓\ 
FISH ✓ ✓ ✓

ICC immunocytochemistry, FC flow cytometry, FISH fluorescence 
in situ hybridization
✓ Yes; ✓\ No
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lack the truncation artifacts of FFPE sections, and therefore 
provide optimal signal visualization and counting.

 Translocations and Fusion Oncogenes 
in Salivary Gland Tumors

In recent years, several SGTs have been found to harbor 
recurrent genetic alterations. The major translocations and 
resulting fusion oncogenes are summarized in Table 14.2.

These genetic alterations are associated with a specific 
subset of well-defined benign and malignant salivary gland 
neoplasms; some can also occur in tumors from other organs. 
For example, the translocation t(12; 22) associated with 
HCCC is also found in four other neoplasms with different 
morphologies and clinical behaviors: angiomatoid fibrous 
histiocytoma, clear cell sarcoma of soft tissue, primary pul-
monary myxoid sarcoma, and clear cell sarcoma-like tumor 
of the gastrointestinal tract [3, 4]. Also, the translocation 
t(6;9)(q22–23;p23–24) characteristic of salivary gland AdCC 
is commonly seen in AdCC of the breast and in benign der-
mal cylindromas. While these genomic alterations can pro-
vide powerful diagnostic markers for histological as well as 
FNA samples [24–28], none of them are pathognomonic or 
specific, and the absence of a genetic rearrangement does 
not exclude any particular SGT. These markers additionally 
may provide prognostic information and guide targeted 
therapy in some cases.

These translocations are usually found in both benign 
and malignant neoplasms, and, in SGTs with more than one 
cell type, they are not limited to a specific cell type [3, 4]. 
For example, 50–60% cases of pleomorphic adenoma (PA) 
are characterized by the translocation t(3;8)(p21;q12) 
involving PLAG1 gene and one of several other fusion 
partners, the most common being CTNNB1 (the gene 
encoding β-catenin) [16]. This translocation results in 
upregulation and overexpression of PLAG1 protein and 
downregulation of its partners, which can be assessed by 
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Table 14.2 Specific translocations and gene fusions in salivary gland 
lesions
SGT Translocations Genes involved Prevalence
Pleomorphic 
adenoma

t(3;8)(p21;q12)
HMGA2 
rearrangement, 
HMGA2 and 
MDM2  
amplification

PLAG1, 
CTNNB1, and 
LIFR
HMGA2, 
MDM2, and 
WIFI

60%

MEC t(11;19)(q21–22;p13)
t(6; 22)(p21;q12)

MAML2- CRTC1 
gene fusion
EWSR1- POU5F1 
gene fusion

60–75%

AdCC t(6;9)(q22–
23;p23–24)
MYB rearrangement

MYB-NFIB gene 
fusion

65%

SeCA t(12;15)(p13;q25) ETV6- NTRK3 
gene fusion

90–100%

HCCC t(12;22)(q13;q12) EWSR1- ATF1 
gene fusion

85%

Carcinoma 
ex-PA

t(3;8)(p21;q12) PLAG1, 
CTNNB1, and 
LIFR

CAMSG PRKD 
rearrangement

PRKD1, 2, 3, 
ARID1A

80%

PAd PRKD1 mutation
PRKD gene family 
rearrangements

PRKD1
PRKD1, PRKD2, 
PRKD3, 
ARID1A, or 
DDX3X

73%

SGT salivary gland tumor, PA pleomorphic adenoma, MEC muco-
epidermoid carcinoma, AdCC adenoid cystic carcinoma, SeCa secre-
tory carcinoma, HCCC hyalinizing clear cell Ca, CAMSG cribriform 
adenocarcinoma of minor salivary gland, ACC acinic cell carcinoma, 
PAd polymorphous (low-grade) adenocarcinoma
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ICC (Table  14.3). PLAG1 expression is absent in AdCC, 
mucoepidermoid carcinoma (MEC), and acinic cell carci-
noma (ACC) but can be seen in 20% cases of polymor-
phous low-grade adenocarcinoma (PLGA). A minor subset 

Table 14.3 Other ancillary techniques in the different salivary gland 
tumors

SGT ICC or special stains
Possible differential 
diagnoses

PA PLAG1 positive Basal cell adenoma/
carcinoma (SMA, 
calponin, and S100 
positive)
AdCC
Myoepithelioma

MEC Mucicarmine positive WT, mucocele, PA, 
chronic sialadenitis

AdCC MYB and CD117 positive PA, basaloid neoplasms, 
PLGA, epithelia- 
myoepithelial Ca

SeCa Mammaglobin, GCDFP15 
and S100 positive; DOG1 
negative

ACC, PA, WT, MEC

HCCC P63, HMW keratin 
positive; SMA, calponin, 
GFAP and S100 negative

Tumors with 
clear cell features 
(myoepithelioma, MEC, 
oncocytoma, metastatic 
renal cell, and melanoma)

CAMSG CK7, CK8, CK18, S100, 
SMA, Calponin positive; 
TTF-1 and Thyroglobulin 
negative. Rarely positive 
for CD117 and p16

Metastatic papillary 
thyroid carcinoma

PA pleomorphic adenoma, MEC mucoepidermoid carcinoma, AdCC 
adenoid cystic carcinoma, SeCa secretory carcinoma, HCCC hyaliniz-
ing clear cell Ca, CAMSG cribriform adenocarcinoma of minor salivary 
gland, WT Warthin tumor, ACC acinic cell carcinoma, PAd polymor-
phous (low-grade) adenocarcinoma, HMW high molecular weight
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of PAs (10%) shows chromosomal rearrangements in 
12q13–15 involving HMGA2 gene. Furthermore, PLAG1 
and HMGA2 gene rearrangements are present only in PA 
and carcinoma-ex-PA and have not been found in any other 
SGTs. The application of ICC or FISH for PLAG1 will 
likely be useful in those SGT cases in which it may be dif-
ficult to distinguish PA from other benign or malignant 
neoplasms with basaloid features.

MEC, in approximately 60–70% of cases, has been associ-
ated with a specific translocation t(11;19) (q14–21;p12–13) 
involving the CRTC1 (MECT1) gene at 19p13 and the 
MAML2 gene at 11q21 [1–5]. Studies on the human MEC 
cells have shown that CRTC1-MAML2 fusion oncoprotein 
upregulates the epidermal growth factor receptor (EGFR) 
ligand amphiregulin (AREG) by co-activating the transcrip-
tion factor CREB and AREG subsequently. This results in 
activation of the EGFR signaling and promotion of MEC cell 
growth and survival. The CRTC1-MAML2 translocation is 
typically found in low- to intermediate-grade MEC and is 
associated with low-risk of tumor recurrences, metastases, 
and tumor-related mortality. However, this fusion has also 
been reported in some cases of high-grade MEC, suggesting 
that translocation status does not always supersede histologic 
grading and clinical staging as prognostic predictor. Since the 
presence of CRTC1-MAML2 fusion is specific for MEC, it 
can be used to distinguish MEC from other SGTs. Specifically 
the detection of a MAML2 rearrangement by FISH has the 
potential to be useful to confirm a diagnosis of MEC in 
cytology samples and small biopsies.

While most AdCCs show pathognomonic features which 
can be easily recognized and diagnosed on FNA samples, a 
subset share morphological features with other SGT with 
basaloid phenotype [3–5], such as PA, basal cell adenoma, 
basal cell adenocarcinoma, myoepithelioma, epi- myoepithelial 
carcinoma, and PLGA. Some authors have shown that expres-
sion of KIT (CD117), myoepithelial markers, and S100, while 
not entirely specific, can aid in the diagnosis of AdCC.  In 
addition, the translocation t(6;9)(q21–24;p13–23) involving 
MYB and NFIB genes is found in up to 86% (range, 28–86%) 
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of AdCC cases. This translocation associated with MYB over-
expression in most AdCC (89%) can therefore be used as a 
diagnostic marker [12].

Secretory carcinoma (SeCa), aka mammary analogue 
secretory carcinoma (MASC), was first introduced as a spe-
cific malignant SGT by Skalova et al. in a 2010 report of 16 
cases [29]. The original designation MASC derived from the 
fact that its morphological, immunohistochemical, and molec-
ular profile are identical to that of secretory carcinoma of the 
breast. It is characterized by the specific translocation t(12;15)
(p13;q25), leading to a fusion between ETV6 and NTRK3 
which is found in nearly 100% of cases and has not been 
reported in any other primary SGT [1–5]. Morphologically, 
salivary gland secretory carcinoma can resemble ACC, onco-
cytic neoplasms, and some cases of MEC, although it lacks 
coarse cytoplasmic zymogen granules or the presence of 
eosinophilic cells with intracytoplasmic mucin [23, 24]. The 
application of ICC (confirming positivity for S100, mamma-
globin, GATA-3, GCDFP15 and negativity for DOG-1) and 
molecular testing for ETV6 translocation will confirm the 
diagnosis of secretory carcinoma [23] (Table 14.3). The appli-
cation of FISH probes for ETV6 on FNA samples is espe-
cially useful to establish the diagnosis in difficult cases 
(Fig. 14.1).

The hyalinizing clear cell carcinoma (HCCC) is a rare 
SGT, which is usually diagnosed on FNA specimens as “ade-
nocarcinoma, not otherwise specified (NOS)” [1–5, 25]. 
However, given its well-established low-grade nature, correct 
classification and distinction from other primary SGTs are 
important. HCCC is characterized by a specific translocation 
t(12;22)(q13;q12) generating an EWSR1-ATF1 fusion gene, 
which is present in approximately 85% of cases [1–5]. In cases 
with this diagnostic suspicion, a conclusive diagnosis of 
HCCC can be established with the assessment for the specific 
EWSR1 rearrangement, which is not present in other SGT 
with clear cell features, except for a subset (35%) of clear cell 
myoepithelial carcinomas and rare EMC (9%) that can be 
easily distinguished by their specific and different immunocy-
tochemical profiles.

E. D. Rossi and Z. W. Baloch



347

The polymorphous low-grade adenocarcinoma (PLGA), 
recently renamed as polymorphous adenocarcinoma (PAd), 
harbors a PRKD1 p.E710D mutation or one of the PRKD 
gene family (PRKD1, PRKD2, or PRKD3) rearrangements, 
which have not been found in other SGTs [1–5, 27, 28, 30]. 
Since the morphology of PAd and AdCC overlap, molecular 
analysis can be extremely helpful. Furthermore, the PRKD1 
mutation has been significantly associated with metastasis- 
free clinical course.

Another low-grade carcinoma, related to PAd, is cribri-
form adenocarcinoma of minor salivary gland (CAMSG) 
[30]. It can be confused with PAd in minor salivary gland 
sites and with papillary thyroid carcinoma (PTC) in cervical 
lymph node metastases. The differential diagnoses of 
CAMSG also include salivary duct carcinoma, AdCC, PA, 

a b c

d e f

Figure 14.1 A case of fine-needle aspiration diagnosed as secretory 
carcinoma (previously known as mammary analogue secretory 
carcinoma) showing cohesive groups of neoplastic cells with finely 
vacuolated cytoplasm round to oval nuclei and few with prominent 
nucleoli (a, b, low- and high-power, air-dried smears stained with 
Diff-Quik® stain). The alcohol-fixed on-site smears stained with 
Papanicolaou stain highlight the delicate cytoplasm and nuclear 
pleomorphism (low and high power, c, d). The break-apart fluores-
cence in situ hybridization to evaluate for disruption of ETV6 gene 
shows ETV6 rearrangement (e, f, low and high power)
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and other basaloid neoplasms. In 2014, Weinreb et  al. 
described several novel PRKD gene rearrangements in 
CAMSG as well as in PAd [28]. This recent discovery 
emphasized the molecular overlap and the potential shared 
pathogenesis between these two entities and justifies the 
decision to leave CAMSG with the PAd subheading, as per 
new WHO classification of SGTs [30].

 Fluorescence In Situ Hybridization (FISH)

The in situ-based detection of nucleic acids has the advantage 
of providing useful diagnostic information within the context 
of the cytomorphology [10, 11, 15, 31]. Currently there are 
two different methods commonly utilized: (1) fluorescence in 
situ hybridization (FISH) and (2) chromogenic in situ hybrid-
ization (CISH). In SGT, the majority of clinically relevant 
genetic alterations are rearrangements generating gene 
fusions, and FISH has been shown to be superior to other 
FISH techniques for demonstrating rearrangements. As pre-
viously mentioned, cytologic smears and cytospin prepara-
tions have the advantage of evaluating signals in whole nuclei 
without truncation artifact from sectioning; however, cell-
blocks can also be used with the same adaptations and valida-
tions used for histological FFPE sections. It is recommended 
to use dual-observer scoring to circumvent intra- and inter- 
observer variability.

When positive, FISH analysis can confirm a diagnosis, 
even on salivary gland FNA samples with limited number of 
lesional cells. At present no set requirements have been 
established regarding the minimum number cell required for 
interpreting FISH studies in salivary gland FNA specimens. 
The overexpression of translocation-associated proteins and/
or downstream target proteins can be assessed using ICC and 
can serve as a diagnostic surrogate for the molecular altera-
tions discussed above [3–8, 11, 12]. Since ICC for the fusion 
protein is usually more sensitive but less specific than FISH 
analysis, it can be used as a triage tool before FISH testing.
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 Polymerase Chain Reaction (PCR)

Almost all cytologic preparations are an excellent source of 
material for PCR analysis, since samples with as few as 50 to 
100 cells are adequate to obtain good PCR results. One of the 
most used applications of PCR is the study of gene expres-
sion, including the production of fusion transcripts using 
RT-PCR. PCR-based assay is more sensitive than FISH for 
detecting different translocations; however, it is not able to 
detect unknown molecular variants, which can be detected by 
FISH analysis.

 Flow Cytometry (FC)

FC is used to evaluate lymphoproliferative lesions. The 
cytologic diagnosis of lymphoid lesions, especially of low-
grade cytology, may be extremely difficult, and FC can be 
useful in distinguishing reactive proliferations from lym-
phoma. For B-cell lymphomas, the demonstration of a 
clonal population based upon the presence of kappa or 
lambda light chain restriction as well as expression of BCL2 
is diagnostic. The presence of an altered T-cell immunophe-
notype also can be used to suggest a possible T-cell lym-
phoma. Some authors have demonstrated that the 
combination of morphology and FC could diagnose and 
classify lymphoid proliferations in salivary gland FNA with 
a sensitivity of 100% and specificity of 83% [14]. FC is also 
able to detect the presence of nonlymphoid neoplastic cells 
in an FNA [15].

 Conclusions

Even though the diagnosis of salivary gland tumors is based 
mostly on cytomorphologic parameters, the recent advances in 
the application of ancillary techniques (ICC-, FISH-, and 
DNA-/RNA-based testing) have proven to be useful when a 
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conclusive or specific diagnosis cannot be made on morphol-
ogy alone. However, the use of ancillary techniques does have 
some inherent limitations, which need to be recognized and 
resolved (Table  14.4). Both cellblock and cytologic prepara-
tions (conventional and liquid-based preparations) can be 
used. It is likely that in the near future ancillary testing of SGT 
samples will not only help in establishing a specific  diagnosis 
but also provide prognostic and therapeutic information to 
guide clinical management.

Table 14.4 Main issues with the application of molecular testing on 
salivary gland cytology
Molecular test results Correlation and resolution
Negative results which 
were expected to be 
positive

Review cytomorphology
Review the sample sent for 
molecular testing for adequacy and 
other factors (tumor cell percentage, 
inflammatory cells, necrosis)

Molecular signature 
discrepancies between 
the primary tumor and 
metastasis of the assay 
failed in spite of adequate 
amount of cytology 
specimen submitted for 
molecular testing

Review and compare the 
cytomorphology between the 
primary tumor and metastases to 
exclude the possibility of second 
primary. Confirm that molecular 
techniques employed for primary 
and metastatic tumor are similar or 
working at similar assay sensitivity 
and specificity
Review the sample sent for 
molecular testing for tumor 
cellularity and other pre-analytical 
variables such as fixation method, 
cellular degeneration, and tumor 
necrosis

Unreported genetic 
alteration

Review current genetics for all 
possible genetic alteration reported 
in SGTs
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IPMN Intraductal papillary mucinous neoplasm
KRAS Kirsten rat sarcoma viral oncogene homolog
MCN Mucinous cystic neoplasm
NGS Next-generation sequencing
PanNEC Pancreatic neuroendocrine carcinoma
PanNET Pancreatic neuroendocrine tumor
PCF Pancreatic cyst fluid
PDAC Pancreatic ductal adenocarcinoma
pRb Retinoblastoma protein
SCA Serous cystadenoma
SPN Solid pseudopapillary neoplasm
VHL von Hippel-Lindau

Key Terminology

Allele Variant form of a gene. Each gene 
has two copies that are inherited 
from each parent and may differ 
from each other, resulting in a vari-
ant form or allele

Germline mutation Inherited genetic alterations that 
occur in the reproductive/germ cells 
(i.e., sperm and eggs) and becomes 
incorporated into the DNA of every 
cell in the body. Germline muta-
tions are passed from parents to off-
spring and are also referred to as 
hereditary mutations

Loss of heterozygosity Loss of a gene and its surrounding 
chromosomal region on one of two 
paired chromosomes. The somatic 
loss of wild-type alleles is a com-
mon genetic event in cancer 
development
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Mutant Any form of an allele other than the 
wild type is a variant or mutant 
allele. While variants can represent 
polymorphisms common to the pop-
ulation (>1% of the population), 
mutant usually refers to variations 
that are detected in <1% of the 
population

Pancreatic cyst fluid Fluid contained within a pancreatic 
cyst

Sensitivity For a medical test with a binary 
classification system, sensitivity 
refers to the proportion of sick 
patients who are correctly identified 
with a positive test result. Tests with 
high sensitivity have low false-nega-
tive rates; consequently, a negative 
test result is helpful for excluding 
disease

Somatic mutation Genetic alteration acquired by a 
tumor cell that can be passed to the 
progeny of the mutated tumor cell 
during cell division. Somatic muta-
tions that cause cancer will be pres-
ent only within the tumor where 
they occur

Specificity For a medical test with a binary 
classification system, specificity 
refers to the proportion of healthy 
patients who are correctly identified 
with a negative test result. Tests with 
high specificity have low false-posi-
tive rates; a positive test result is 
thus helpful for “ruling in” disease
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In pancreatic and biliary cytology, molecular testing has 
overall limited diagnostic utility for solid lesions but can add 
significant value in the preoperative diagnosis of pancreatic 
cysts. As the detection of pancreatic cysts by radiologic imag-
ing in asymptomatic patients has increased in recent years, 
differentiating between benign cystic lesions and those with 
malignant potential is essential for patient management. 
Currently, the standard of care for the preoperative diagnosis 
of pancreatic cysts is endoscopic ultrasound-guided fine-
needle aspiration (EUS-FNA) with pancreatic cyst fluid 
(PCF) analysis [1–4]. PCF uses a combination of cytology and 
fluid chemistry (i.e., CEA/amylase levels) to distinguish 
mucinous from non-mucinous etiology and to assess for high-
risk features of malignancy [5]. In some institutions, molecu-

Key Points

• Molecular testing has limited diagnostic utility in 
pancreatic and biliary cytology but can be useful in 
certain settings, particularly for the diagnosis of pan-
creatic cysts

• KRAS/GNAS mutations are highly sensitive and 
specific for the detection of neoplastic mucinous 
cysts, and GNAS mutations are highly specific for the 
detection of intraductal papillary mucinous neo-
plasm (IPMN) versus other cystic lesions of the 
pancreas

• TP53 mutation, loss of SMAD4/DPC4, or loss of p16 
(CDKN2A/INK4A) detected in pancreatic cyst fluid 
supports a high-risk cyst warranting surgical 
resection

• Loss of SMAD4 nuclear staining using immunohisto-
chemistry, which is seen in ~55% of pancreatic ductal 
adenocarcinomas, supports malignancy

• Addition of fluorescence in situ hybridization (FISH) 
and/or next-generation sequencing (NGS) to cytol-
ogy improves the diagnostic sensitivity of biliary duct 
brushings
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lar testing is performed on all PCF with sufficient cyst fluid to 
improve the detection of mucinous cysts. With the addition of 
routine molecular analysis, where KRAS/GNAS mutations 
are highly specific for a mucinous etiology, the detection of 
mucinous cysts by PCF is reported to have a sensitivity of 
90% and specificity >90% [6–9].

Despite developments in sampling technology, bile duct 
brushing cytology shows high specificity but low sensitivity 
for malignancy [10]. Fluorescence in situ hybridization (FISH) 
and molecular testing using next-generation sequencing 
(NGS) can be performed on aspiration or exfoliative cyto-
logical material and assist in the diagnosis of malignancy.

 Cystic Pancreatic Lesions

 Tissue Management

Fresh, unfixed, and undiluted PCF is required for accurate 
evaluation and analysis. PCF can be triaged using minimal 
cyst fluid volumes for cytology, CEA/amylase analysis, and 
molecular testing [11] (Table 15.1; Box 15.1).

Table 15.1 Practical pancreatic cyst fluid analysis of cystic pancre-
atic lesions

Cytology Chemistry
Molecular 
mutations

Pseudocyst Amorphous cyst 
debris
Yellow hematoidin-
like pigment
Variable inflammation
No epithelial 
cells other than 
contaminating 
gastrointestinal 
epithelium

CEA  
< 192 ng/mL
Amylase ≥ 
250 U/L

None

(continued)
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Cytology Chemistry
Molecular 
mutations

SCA Scant cellularity
Uniform non-
mucinous cuboidal 
cells
Hemosiderin-laden 
macrophages

CEA  
< 192 ng/mL
Amylase  
< 5 ng/mL

VHL (3p25)

IPMN Thick, colloid-like 
extracellular mucin
Low-grade 
atypia: mucinous 
epithelium often 
indistinguishable from 
gastric epithelium
High-grade atypia: 
small epithelial 
cells with increased 
nuclear-to-cytoplasmic 
ratio, irregular 
nuclear membranes, 
background cellular 
necrosis

CEA  
≥ 192 ng/mL
Amylase 
variable

KRAS
GNAS
TP53, p16 
(CDKN2A),
SMAD4/
DPC4 
indicate 
high-risk 
cyst

MCN KRAS

Table 15.1 (continued)

Box 15.1
Volume < 0.5 mL:

CEA (0.3 mL) or KRAS/GNAS (0.3 mL)

Volume > 0.5 mL:

 1. KRAS/GNAS (vortexed, neat, 0.3 mL)
 2. CEA (0.3 mL supernatant)
 3. Amylase (0.3 mL supernatant)
 4. Cytology (cell button; cytospin)
 5. Bank (residual supernatant)
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It has been demonstrated that using supernatant fluid for 
CEA/amylase testing is comparable to using neat fluid/cell-
block preparation [11]. Furthermore, the added value of 
KRAS testing alone may be small if the combination of cytol-
ogy and CEA levels are conclusive, as KRAS mutation status 
does not add to the determination of a mucinous cyst if CEA 
is ≥ 192 ng/mL and does not stratify the lesion by grade.

 Nonneoplastic Cystic Lesions

Serous cystadenomas (SCAs) are the most common benign 
cystic neoplasm of the pancreas and account for 1–2% of 
pancreatic neoplasms [12, 13]. The goal of preoperative diag-
nosis is to distinguish these benign cysts from neoplastic 
mucinous cysts, thus allowing optimal triage of patients to 
conservative management versus surgical resection. However, 
the lack of specific cytomorphological features makes diag-
nosis extremely challenging on cytology alone, with a sensi-
tivity of 10% in a recent case series [14]. Mutations in the von 
Hippel-Lindau (VHL) gene (3p25), loss of heterozygosity of 
chromosome 3 at the VHL gene locus, or aneuploidy of chro-
mosome 3p were identified in 67% of sporadic and heredi-
tary SCAs and not found in cystic mucinous neoplasms [15]. 
Thus, the detection of a VHL mutation on PCF supports a 
diagnosis of SCA. Of note, pancreatic neuroendocrine tumors 
(PanNETs), which may be cystic, can have VHL deletions in 
up to 25% of sporadic cases [16].

 Neoplastic Cystic Lesions (Mucinous)

Mucinous cysts are diagnosed using the proposed standard-
ized terminology system for pancreaticobiliary specimens 
from the Papanicolaou Society of Cytopathology based on 
having one of the following features: thick, colloid-like extra-
cellular mucin, mucinous cyst lining epithelium, and/or ele-
vated CEA  ≥  192  ng/mL [17–19]. There are two types of 
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neoplastic mucinous cysts that share common cytomorpho-
logical features but have distinct clinical and biological char-
acteristics: intraductal papillary mucinous neoplasm (IPMN) 
and mucinous cystic neoplasm (MCN). Both are stratified 
into low/intermediate-grade versus high-grade dysplasia with 
or without an invasive carcinoma component; invasive carci-
noma is the most important negative prognostic factor. The 
distinction between IPMN and MCN is not always possible 
by cytology alone. However, it is important to distinguish 
MCN from IPMN, as surgical resection is recommended for 
all patients with MCN irrespective of grade, while most 
branch-duct IPMN can be managed conservatively without 
surgery.

Cyst fluid CEA levels have been shown to be the most 
accurate method for identifying a mucinous cyst, while cytol-
ogy is the best modality for identifying high-risk cysts [17, 18, 
20]. A cutoff of CEA ≥ 192 ng/mL has an overall accuracy of 
~80% (sensitivity of 75% and specificity of 84%). Amylase 
levels are highly variable in mucinous cysts and do not reli-
ably distinguish between cyst types.

Molecular studies have shown that in the setting of a pan-
creatic cyst, KRAS mutations are highly specific but only 
moderately sensitive for a mucinous etiology [6, 21]. A recent 
large prospective study performed NGS on 626 PCF speci-
mens detected KRAS and/or GNAS mutations in 100% of 
IPMNs, with GNAS mutations being 100% specific for an 
IPMN; KRAS mutations were detected in 30% of MCNs. 
Overall, KRAS/GNAS mutations were found to have a sensi-
tivity of 89% and specificity of 100% for the detection of a 
mucinous cyst [22]. RNF43 mutations are also found in both 
IPMNs and MCNs [15, 23].

Intraductal papillary mucinous neoplasms (IPMNs) com-
prise 3–5% of pancreatic tumors and 20% of neoplastic pan-
creatic cysts; 70% arise in the head of the pancreas [24]. The 
prognosis for noninvasive IPMNs is excellent, and they can be 
managed conservatively by surveillance. High-risk features 
that may prompt surgical resection include main duct involve-
ment, presence of a mural nodule, and the identification of 
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high-grade dysplasia or invasive carcinoma [25]. Massively 
parallel sequencing of IPMN cyst fluid showed that GNAS 
mutations were present in 66% of cases and KRAS or GNAS 
mutations were present in 96% of cases [26]. GNAS mutations 
were not found in other types of pancreatic cystic neoplasms; 
thus, the detection of a GNAS mutation in PCF is diagnostic 
of an IPMN. SMAD4/DPC4 and p16/CDKN2A mutations 
and/or loss of immunohistochemical expression can be seen in 
high-grade IPMNs (i.e., high-grade dysplasia or invasive carci-
noma arising from IPMN) [27]. Recently, it was shown that 
preoperative detection of mutations/deletions in TP53, 
PIK3CA, PTEN, and/or AKT1 was highly sensitive and spe-
cific for IPMNs with high-grade dysplasia/invasive adenocar-
cinoma [22]. Mutant allele frequencies >55% for GNAS 
mutations were also correlated with IPMNs with high-grade 
dysplasia. These findings show promise for predicting the 
presence of high-risk cysts and may become more relevant as 
molecular diagnostics become integrated into routine clinical 
practice.

Mucinous cystic neoplasms (MCNs) comprise 5–6% of 
pancreatic tumors and occur almost exclusively in women in 
the fourth to fifth decade; 90% arise in the body or tail of the 
pancreas. The presence of subepithelial ovarian-type stroma 
is the defining characteristic of MCN and can be evaluated if 
a biopsy specimen is available [28]. Immunohistochemistry 
for estrogen and progesterone receptors, which are expressed 
by the ovarian-type stromal cells, may be considered if mor-
phologically ambiguous [29, 30]. There are no known genetic 
mutations specific to MCN [10, 31].

 Solid Pancreatic Lesions

 Tissue Management

FNA smears are typically made for solid pancreatic lesions 
and can then be air-dried for Romanowsky stain and/or 
alcohol-fixed for Papanicolaou stain. Liquid-based prepara-

Chapter 15. Pancreatic and Biliary Cytology 



364

tions (ThinPrep™ or SurePath™) can also be made. 
Importantly, allocation of material for cellblock preparation 
and/or having a concurrent core biopsy allows for immuno-
histochemical staining, which significantly aids in the diagno-
sis of certain neoplasms. Currently, molecular testing is not 
routinely performed for the purposes of diagnosis; instead, 
immunostains are routinely used as surrogate markers for 
their respective gene mutations. However, if molecular test-
ing is warranted, FNA smear specimens have been shown to 
be a more optimal source of DNA than formalin-fixed paraf-
fin-embedded tissue [32] (Table 15.2).

 Solid Neoplasms

Pancreatic ductal adenocarcinoma (PDAC) accounts for 90% 
of all pancreatic neoplasms and carries a poor prognosis, with 
an overall 5-year survival rate of <10% [33]. The four key 
driver mutations in PDAC are KRAS, TP53, p16 (CDKN2A), 
and SMAD4/DPC4. Immunostains for p53 and SMAD4 are 
surrogate markers for their respective mutations [34] and can 
be helpful in challenging cases: most PDACs have mutated 
p53, which would show overexpression or complete absence 
of nuclear p53 (compared to scattered positivity in wild-type 
p53), and about half of cases (~55%) show loss of SMAD4 
nuclear expression (Fig. 15.1). In contrast, CDX2 immunohis-
tochemistry is not helpful in the diagnosis of PDAC, as stud-
ies have shown conflicting results regarding its expression in 
normal pancreatic tissue and PDAC, but may be performed 
in the context of an adenocarcinoma of unknown origin. 
CDX2 expression is downregulated during the transforma-
tion from pancreatic intraepithelial neoplasia to 
PDAC.  Furthermore, tumors with some level of retained 
CDX2 expression (around one-third of cases) have been 
shown to have a shorter survival compared to those that were 
negative for CDX2 [35]. KRAS mutations are non-specific 
and are found in low-grade pancreatic intraepithelial neopla-
sia, as well as other pancreatic neoplasms. Thus, routine 
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molecular testing is not helpful in distinguishing PDAC from 
premalignant lesions. A recent study evaluated the relation-
ship between these four driver gene mutations and patient 
outcomes after tumor resection and found that KRAS 
mutants and tumors with p16 (CDKN2A) loss had worse 
disease-free and overall survival, while TP53 mutants only 
predicted disease-free survival; SMAD4 mutations were not 
predictive of survival [36].

Currently, there are clinical trials underway investigating 
the effectiveness of immune checkpoint inhibitors (targeting 
CTLA-4, PD-1, and PD-L1) in patients with PDAC.  While 
some preliminary studies have shown promising results, these 
treatments have yet to be clinically implemented, and at pres-
ent there is no role for the testing of PD-L1 by immunohisto-
chemistry or other mutations by NGS in routine practice [37].

Pancreatic neuroendocrine tumors (PanNETs) represent 
1–2% of all pancreatic neoplasms, most of which are nonfunc-
tional [38]. On cytology, the most important role in grading is 
to distinguish well-differentiated PanNETs from poorly dif-
ferentiated pancreatic neuroendocrine carcinomas (PanNECs). 
Ki67 proliferation index is a requirement for grading and 
should be performed on cellblock preparations and core 
biopsies that are sufficiently cellular. PanNETs can undergo 
cystic degeneration and mimic a primary pancreatic cystic 

a b

Figure 15.1 Well-differentiated pancreatic ductal adenocarcinoma 
on (a) hematoxylin and eosin stain (cellblock, 600×) with (b) loss of 
nuclear SMAD4 expression (cytoplasmic staining is non-specific) by 
immunohistochemistry (cellblock, 600×)
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neoplasm. Immunohistochemical stains help to establish the 
diagnosis by demonstrating endocrine differentiation: synap-
tophysin is the preferred marker, as it is more sensitive than 
chromogranin A and relatively specific. CD56 is the most 
sensitive but least specific neuroendocrine marker and can 
also be expressed in solid pseudopapillary neoplasms (SPN).

The most common PanNET mutations are in the death 
domain-associated protein (DAXX) and α-thalasesemia/
mental retardation X-linked (ATRX) genes, which are 
detected in almost half of cases [10, 39]. Immunohistochemical 
stains are available as surrogate markers for the mutations. 
Loss of DAXX and ATRX are associated with increased risk 
of metastasis and shorter overall survival in PanNETs [40]. 
Up to 45% of sporadic PanNETs show somatic MEN1 muta-
tions, though these mutations are classically germline in mul-
tiple endocrine neoplasia type I (MEN1) syndrome. Other 
germline mutations associated with syndromes include 
 neurofibromatosis type 1 (NF1 gene), tuberous sclerosis 
(either TSC1 or TSC2 genes), and von Hippel Lindau (VHL 
gene) syndromes. In contrast, PanNECs are infrequently 
associated with MEN1 and retain DAXX and ATRX immu-
noreactivity; instead, they overexpress p53 (95%) and can 
lose pRb (60–90%) or p16 expression (10–40%), consistent 
with mutations in those respective genes [10, 41].

Acinar cell carcinoma (ACC) is a rare, aggressive tumor and 
accounts for <2% of all pancreatic neoplasms [24]. 
Immunohistochemical detection of specific enzymes produced 
by acinar cells (i.e., trypsin, chymotrypsin) supports the diagno-
sis [42]. Chromosomal analysis shows allelic loss on chromo-
some 11p [10, 43]. ACC harbors APC and TP53 mutations, 
RAF gene fusions (SND1-BRAF fusions most common, up to 
23% of cases) and inactivation of DNA repair genes (mutually 
exclusive with RAF rearrangements). APC/β-catenin muta-
tions have been described; however, the common PDAC- and 
panNET-associated mutations are not seen in ACC.

Pancreatoblastoma is a rare multilineage malignant epithe-
lial tumor that comprises <0.5% of all pancreatic neoplasms 
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and is the most common pancreatic malignancy in children, 
typically seen in the first decade [44]. Immunohistochemical 
stains can be used to highlight the multiple lines of differen-
tiation within the tumor: acinar (trypsin, chymotrypsin), duc-
tal (cytokeratin), and neuroendocrine (synaptophysin, 
chromogranin). β-catenin stain can highlight the pathogno-
monic squamoid morules (nonreactive for cytokeratins), 
which are thought to be a manifestation of aberrant overex-
pression of β-catenin (nuclear and cytoplasmic) coupled with 
estrogen receptor-β [10], and can help distinguish pancreato-
blastoma from ACC.  Similar to ACC, the most common 
genetic abnormality is allelic loss on chromosome 11p [10]. 
Somatic mutations in the APC and β-catenin genes have also 
been described. The common PDAC-associated mutations 
are not seen in pancreatoblastoma.

Solid pseudopapillary neoplasms (SPNs) are tumors with 
low malignant potential and account for <2% of all  pancreatic 
neoplasms. They harbor activating mutations of the β-catenin 
(CTNNB1) gene (95–100% of cases) without any other 
genetic alterations [10, 15]. These mutations result in nuclear 
(and cytoplasmic) accumulation of β-catenin, which can be 
routinely detected with β-catenin immunohistochemistry 
(Fig. 15.2).

a b

Figure 15.2 Solid pseudopapillary neoplasm on (a) hematoxylin 
and eosin stain (cellblock, 400×) with (b) nuclear β-catenin expres-
sion by immunohistochemistry (cellblock, 600×)
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 Biliary Duct Brushings

 Tissue Management

The biliary tract is most frequently sampled using brush 
cytology obtained during endoscopic retrograde cholangio-
pancreatography, with the goal of distinguishing between 
reactive versus neoplastic processes to direct clinical man-
agement. Biliary brushing cytology has a high specificity for 
detecting malignancy but a low sensitivity (6–64%) [45]. 
EUS-FNA has also been used to sample biliary lesions, but 
is not routinely recommended due to concern for needle-
track seeding. The material collected for biliary brush 
 cytology can be used for FISH and molecular studies. A 
triple-modality approach using a combination of brush 
cytology, concurrent forceps biopsy, and FISH has demon-
strated a significantly increased sensitivity of 82% and 
specificity of 100% [46].

 Fluorescent In Situ Hybridization (FISH)

FISH is an established ancillary test for diagnosing bile 
duct carcinoma [46, 47]. Clinically, the multicolor FISH 
UroVysion probe set (Abbott Molecular Inc., Des Plaines, 
IL) is the most widely used and consists of four probes 
targeted against chromosomes 3, 7, 9p21, and 17. The 
reported sensitivities for UroVysion (35–60%) are only 
modestly improved over cytology [48–50]. More recently, a 
cholangiocarcinoma-/PDAC-specific FISH probe set (PB 
FISH) was created and reportedly increased the rate of 
cancer detection by 19% over UroVysion, with higher sen-
sitivity (65%) and comparable specificity [51]. This PB 
FISH probe set targets oncogenes MCL1 on chromosome 
1q, EGFR on chromosome 7p, and MYC on chromosome 
8q, all of which are often gained in cholangiocarcinomas 
and PDACs.
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 Next-Generation Sequencing

A recent study compared adjunctive molecular testing with 
targeted NGS versus FISH (UroVysion probe set) for the 
detection of high-risk neoplasia (i.e., main duct IPMN, high-
grade dysplasia) or malignancy in 81 biliary duct brushings 
[52]. When added to cytology, NGS increased the sensitivity 
to 85%, while FISH only increased sensitivity to 76%. These 
results suggest that ancillary NGS may offer advantages over 
FISH in biliary duct brushings and warrant further validation 
in larger cohorts.
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Abbreviations

AMH Asymptomatic microscopic hematuria
AUC Atypical urothelial cells
CEP Centromere enumeration probes
DAPI 4′6-Diamidino-2-phenylindole
FISH Fluorescence in situ hybridization
H&E Hematoxylin and eosin
HGUC High-grade urothelial carcinoma
HPF High-power field
LGUN Low-grade urothelial neoplasia
LSI Locus-specific identifier
NHGUC Negative for high-grade urothelial carcinoma
QNS Quantity not sufficient
RBC Red blood cell
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SHGUC Suspicious for high-grade urothelial carcinoma
TPS The Paris System for reporting urinary 

cytopathology

Key Terminology

Aneuploidy Change in normal copy num-
ber of entire chromosomes, i.e., 
an abnormal number of chro-
mosomes in a cell (e.g., mono-
somy, trisomy, tetrasomy, etc.)

Chromosome enumerating Specific probe designed to bind
probe (CEP)  repetitive sequences of 

DNA.  Enumeration of chro-
mosome copies

DAPI (4′-6-Diamidino- Fluorescent counterstain that 
2-phenylindole)  binds to background double-

stranded DNA
Denaturation The process of separating two 

complementary strands of 
DNA, typically using heat

Fluorescence in situ  A molecular detection  technique
hybridization (FISH) that uses fluorescently labeled 

DNA to hybridize to comple-
mentary regions within the tar-
get DNA

Gene A part of double- stranded 
DNA that codes for a protein

Heterozygous Most diploid cells such as 
tumor cells contain two differ-
ent alleles at any gene locus

Hybridization Inducing a DNA probe sequence 
to bind to its complementary 
sequence on a chromosome

Locus-specific identifier Probe designed to bind to the 
loci of a specific target region or 
gene to detect loss or gain of loci

Polysomy The condition in which there 
may be three or more copies of 
the chromosome rather than 
the expected two copies
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Carcinoma of the urinary bladder is the second most com-
mon urological cancer and fifth most prevalent cancer overall 
with an estimated 79,030 new cases (60,490  in men and 
18,540 in women) diagnosed and 16,870 deaths (12,240 men 
and 4630 women) occurring in the United States in 2017 [1]. 
Urothelial carcinoma is responsible for the majority of uri-
nary bladder and upper urinary tract carcinomas, most of 
which are low-grade, superficial, non-muscle-invasive tumors 
with a good prognosis. Currently, the gold standard for 
detecting UCs and monitoring patients for recurrent UCs is 
cystoscopy with urinary cytology [2].

Key Points

Multi-target FISH remains an excellent molecular diag-
nostics tool to improve diagnosis in urinary cytopathol-
ogy provided that the following points are considered:

• Understand the basic principles and limitations of 
the UroVysion® FISH test being used for appropri-
ate molecular cytopathologic correlation

• Urinary FISH is better analyzed by morphologists 
(such as cytopathologists, cytotechnologists), since 
uncritical FISH analysis of activated, tetraploid 
umbrella cells can lead to false-positive results

• FISH results must be interpreted in the light of the 
clinical findings

• FISH adds no value in case of clearly positive 
(HGUC) or negative (NHGUC) cytology; analysis 
of equivocal cytology is the most reasonable applica-
tion of urinary FISH

• Whatever the techniques used, there should be a 
clear communication between the cytopathologist 
and the urologist with regard to the meaning of uro-
thelial atypias to avoid misinterpretation and unnec-
essary invasive procedures

Chapter 16. FISH Testing in Urinary Tract Cytology
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Urinary cytology is a simple, noninvasive, and relatively 
inexpensive method for detecting urothelial carcinoma. 
Although urinary cytology has relatively high specificity, and 
a relatively good sensitivity for detecting high-grade urothe-
lial carcinoma (urothelial carcinoma in situ and high-grade 
papillary urothelial carcinoma), it has been plagued by low 
sensitivity for low-grade urothelial neoplasms (LGUN, 
including papilloma, papillary low-grade urothelial neo-
plasms of undetermined malignant potential, and low-grade 
urothelial carcinoma) [3]. These low-grade tumors are charac-
terized by a high recurrence rate, but otherwise nonaggres-
sive behavior [4]. The less common high-grade urothelial 
carcinoma (HGUC) also has a high recurrence rate but, more 
importantly, has a high risk of progression to muscle invasion 
and lymph node and systemic metastases. Therefore, while 
the detection of both LGUN and HGUC are important, the 
diagnosis of HGUC is of much higher clinical significance. 
This has been the guiding principle of The Paris System for 
reporting urinary cytopathology (TPS). The major accom-
plishments of TPS have been the shift in emphasis to the 
detection of HGUC and the standardization of cytologic 
reporting with a universally acceptable and globally applica-
ble diagnostic terminology.

In addition, TPS offered strict definitions of the morpho-
logic criteria necessary for the various categories in urinary 
tract cytopathology. The diagnostic categories included in 
TPS are:

 1. Nondiagnostic
 2. Negative for high-grade urothelial carcinoma (NHGUC)
 3. Atypical urothelial cells (AUC)
 4. Suspicious for high-grade urothelial carcinoma (SHGUC)
 5. High-grade urothelial carcinoma (HGUC)
 6. Low-grade urothelial neoplasm (LGUN)
 7. Other malignancies

A number of ancillary tests have been proposed over the 
last decades to increase the sensitivity of urinary cytology. 
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These tests have included the use of markers like nuclear 
matrix protein (NMP22) and bladder tumor-associated 
antigen (BTA) and immunohistochemical stains (uCyt+/
ImmunoCyt) using three fluorescent monoclonal antibod-
ies (M344, LDQ10, and 19A211). However, the oldest and 
most widely used ancillary tests used in conjunction with 
urinary cytology to detect urothelial carcinoma were based 
on the fact that they may show complex genetic abnormali-
ties, which render their cells aneuploid. This aneuploidy has 
been initially detected by flow and image cytometry [5], but 
these methods have been gradually replaced by more tar-
geted detection of specific chromosome aneusomies, using 
in situ hybridization techniques like FISH [6, 7]. After vari-
ous combinations of probes directed against chromosomes 
1, 7, 8, 9, 12, 17, and Y had been used in the 1990s [8–10], the 
study by Sokolova et  al. [11], using centromeric probes 
(CEP) against chromosomes 3, 7, 8, 9, 11, 17, and 18 and 
locus-specific identifier (LSI) probe for 9p21, showed that 
the combination of four probes (CEP3, CEP7, CEP17, and 
LSI 9p21) had the highest sensitivity for UC detection. The 
same group of researchers followed up with a study show-
ing that the sensitivity of FISH using this probe set is supe-
rior to that of cytology, while the test’s specificity was not 
significantly inferior [12]. Based on these results, the 
UroVysion® test was developed by Vysis, Downers Grove, 
IL (currently owned by Abbott Diagnostics, Abbott Park, 
IL) and gained FDA approval “for use in conjunction with 
and not in lieu of current standard diagnostic procedures” 
in 2001. Initially approved for “monitoring for tumor recur-
rence in patients previously diagnosed with bladder can-
cer,” it was additionally approved by the FDA in 2005 “as 
an aid for initial diagnosis of bladder carcinoma in patients 
with hematuria.” Both FDA approvals were for voided 
urine specimens only; other urinary tract specimens like 
washings/barbotage specimens and brushings were not 
included. After the FDA approval, the UroVysion® FISH 
test rapidly gained popularity and was used extensively in 
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the United States and Europe. A recent SEER study 
showed that during 2004–2009, one of the FDA- approved 
ancillary tests (UroVysion® FISH, NMP22®, or BTA 
Stat®) was used, in addition to urine cytology, in almost a 
third of patients with bladder cancer [13]. However, follow-
ing this peak use, the percentage of cases in which 
UroVysion® FISH test was employed has declined, most 
likely due to the lack of endorsement of the test by any of 
the numerous bladder cancer management guidelines, a 
perceived lack of benefit, uncertainly regarding its useful-
ness and the appropriate clinical scenario in which it should 
be used, and concerns about cost and reimbursement [13].

The theoretical underpinning of the use of UroVysion® is 
the presence of specific numerical changes (aneuploidy) in 
the chromosomes 3, 7, and 17, which occur most often in 
HGUC, and the loss of the p16 gene located at 9p21, which is 
an early event in both LGUN and HGUC. It has been long 
known that urothelial carcinoma has two distinct pathoge-
netic pathways: a hyperplasia pathway leading to LGUN and 
a dysplasia pathway leading to HGUC. The hyperplasia path-
way is more common, accounting for about 80% of cases, and 
starts with urothelial hyperplasia that progresses to low-grade 
papillary urothelial carcinoma (LGUC). One of the first 
molecular changes seen in the development of LGUC is the 
deletion of the gene CDKN2A (cyclin-dependent kinase 
inhibitor 2A), located on the short arm of chromosome 9 
(9p21), which encodes the p16INK4A protein. This pathway 
is genetically stable and is characterized by FGFR3 altera-
tions, especially activating point mutations in FGFR3, which 
are detected in over 80% of LGUC.

The second pathway, the dysplasia pathway, is less fre-
quent and leads to high-grade urothelial tumors. It starts with 
dysplasia, which progresses either to the formation of a high- 
grade papillary tumor or, in a smaller percentage of cases, to 
urothelial carcinoma in situ. This pathway is genetically 
unstable and is associated with a number of additional muta-
tions; the most significant of them are inactivating mutations 
of TP53, which are seen in approximately 60% of these 
tumors [14].

G. A. Barkan and S. E. Pambuccian



383

 Clinical Indications of FISH Testing

UroVysion® FISH testing has been used in four different 
clinical scenarios [15]:

 1. Screening for urothelial carcinoma
 2. Evaluation of patients with microscopic or gross hematuria
 3. Surveillance of urothelial carcinoma recurrence
 4. Atypical cytology or cystoscopic findings

 Screening for Urothelial Carcinoma

Despite the theoretical appeal of identifying urothelial carci-
nomas at earlier stages and the ease of collection of a urine 
specimen, the US Preventive Services Task Force reviewed 
the published studies and deemed that there is insufficient 
evidence to support screening the general population of 
asymptomatic adults for urothelial carcinoma [16]. Since this 
is most likely due to the low prevalence of urothelial carci-
noma in this population, more recent studies have used 
UroVysion® FISH testing and other urinary markers to 
screen high-risk populations (heavy smokers [17] and indi-
viduals with occupational exposure to known carcinogens 
[18]) for urothelial carcinoma. These studies have also con-
cluded that screening for urothelial carcinoma with 
UroVysion® FISH testing and other urinary markers cannot 
be recommended, most likely because the prevalence of uro-
thelial carcinoma is low even in these higher-risk populations. 
However, the use of UroVysion® FISH testing with or with-
out concomitant urine cytology may be effective and cost- 
effective in certain populations at very high risk for urothelial 
carcinoma, based on individualized risk scores [19].

 Evaluation of Patients with Microscopic  
or Gross Hematuria

Gross or microscopic hematuria is the main presentation 
symptom leading to the diagnosis of urothelial carcinoma 
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and 20–25% of patients present with microscopic hematu-
ria. However, while about 10% of adults with gross hema-
turia have underlying urothelial carcinoma, recent studies 
have shown that only a small minority of adult patients 
(less than 1% of women and up to 2% of men) with micro-
scopic hematuria (defined as ≥3 RBCs/HPF) have underly-
ing urothelial carcinoma, while the vast majority have no 
discernible underlying cause of hematuria. Therefore, 
despite the fact that the 2012 guideline developed by the 
American Urological Association (AUA) [20] recommends 
cystoscopy and upper urinary tract imaging for all adults 
over 35 with unexplained asymptomatic microscopic hema-
turia (AMH), the optimal management of these patients is 
still controversial [21]. Workup of AMH may have to be 
more nuanced, depending on the presence of other risk fac-
tors and the number of RBCs/HPF defining the presence of 
hematuria, especially in younger patients (35–50  years of 
age) and in women [22]. Currently, the guidelines devel-
oped in the United States, Canada, Europe, or Japan rec-
ommend cystoscopy and upper urinary tract evaluation for 
patients over 35, 40, or 50 years, but the use of cytology or 
UroVysion® FISH in the initial workup of AMH [23, 24] is 
either not mentioned or not recommended. These guide-
lines have not been prospectively validated and may change 
as new evidence accumulates. Recently, the Danish guide-
line performing urological investigation in all patients with 
AMH has been withdrawn [21], and an international panel 
of experts concluded that there is a need for better pre-
cystoscopy risk assessment for patients with AMH. Because 
the “harms” may outweigh the benefits when working up 
patients with AMH with very low underlying risk of uro-
thelial carcinoma, risk stratification of patients with AMH 
may reduce the need to perform cystoscopy on very low-
risk patients [15]. In this context, urinary cytology and 
UroVysion® FISH testing may be used in conjunction with 
the patients’ age, sex, and smoking history to better assess 
their risk for urothelial carcinoma.
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 Surveillance of Urothelial Carcinoma Recurrence

Low-grade and especially high-grade urothelial carcinomas 
have a strong tendency to recur after resection. Non-muscle- 
invasive tumors (Ta, T1), which represent about 70% of all 
urothelial carcinomas, have a 60–80% recurrence rate after 
local (transurethral) resection [25], while muscle-invasive 
tumors have a 2–6% upper urinary tract and 4–17% urethral 
post-cystectomy recurrence rate. These high recurrence rates 
stress the need for surveillance of patients with urothelial 
carcinoma to allow early detection of tumor recurrence. 
Surveillance recommendations vary but usually include cys-
toscopy and urinary cytology every 3–6 months for 2–3 years 
and at least yearly thereafter. UroVysion® FISH may be 
used in conjunction with urine cytology; negative results on 
both examinations may then be used to extend the interval 
between cystoscopies.

Bacillus Calmette-Guérin (BCG) is the recommended 
adjuvant intravesical therapy for intermediate- or high-risk 
non-muscle-invasive bladder cancer. UroVysion® FISH test-
ing, which is not influenced by the prominent inflammatory 
reaction induced by BCG, can be used not only to detect 
recurrences but also to assess response to intravesical BCG 
therapy [26]. A positive FISH result at 3  months after the 
initiation of BCG therapy usually indicates lack of response 
to BCG and is associated with 4× greater risk of UC recur-
rence compared to patients with a negative FISH test [27]. 
Such patients may benefit from switching to another adjuvant 
intravesical therapy.

 Atypical Cytology or Cystoscopic Findings

When UroVysion® FISH is used in conjunction with uri-
nary cytology, it is important to assess the added value of 
using both tests over using urinary cytology alone. Of the 
seven diagnostic categories of The Paris System, the only 
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one that appears to possibly benefit from the addition of 
UroVysion® FISH is the AUC category, for the AUA guide-
lines suggest that UroVysion® FISH may be used to “adju-
dicate equivocal cytology” in certain clinical scenarios. 
Studies have shown that UroVysion® FISH testing does not 
offer additional benefits to the management of patients with 
“negative” (NHGUC), “suspicious,” and “positive” cytologic 
diagnoses [28, 29].

The performance of UroVysion® FISH testing in the 
setting of AUC depends on the population’s underlying 
prevalence of urothelial carcinoma, clinical scenario, type 
of urine specimen, and methodology of FISH testing (“tar-
get” FISH or FISH performed on the residual specimen). A 
review of the literature [30] demonstrating that the perfor-
mance of UroVysion® FISH testing for AUC is presented 
in Table 16.1.

Based on these performance data, it seems that 
UroVysion® FISH testing cannot be used as a triage method, 
similar to cervical HPV testing for atypical squamous cells of 
undetermined significance (ASC-US), but rather as an addi-
tional tool for risk stratification of the patient, potentially 
determining the need for cystoscopy in patient with hematu-
ria or modifying the interval between cystoscopies in patients 
under surveillance for urothelial carcinoma.

Table 16.1 The performance of UroVysion® FISH testing in cases 
with concomitant atypical urine cytology (atypical urothelial cells)

Lowest Highest
Sensitivity 44.6% 91.2%

Specificity 61.4% 100%

Positive predictive value 39.7% 100%

Negative predictive value 46.9% 95.9%

Accuracy 54.7% 85.7%

Positive likelihood ratio 1.22 8.00

Negative likelihood ratio 0.10 0.86
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 Technique

Fluorescence in situ hybridization (FISH) allows for visual-
ization of specific DNA sequences and can, therefore, be used 
for quantitation of chromosomes and genes, including aneu-
somies, chromosomal deletions, or amplifications. The com-
mercial assay UroVysion® (Vysis, Inc., Downers Grove, IL, 
USA) has made the FISH technique available for routine use 
in hospital cytology laboratories, but most UroVysion® tests 
are performed at large reference laboratories. The 
UroVysion® assay is composed of four single-stranded fluo-
rescently labeled nucleic acid probes  – three chromosome 
enumeration probes (CEP) for the chromosomes 3, 7, and 17 
and the single locus-specific identifier (LSI) probe 9p21. The 
DNA probes are directly labeled with the four different fluo-
rescent dyes SpectrumRed (CEP3), SpectrumGreen (CEP7), 
SpectrumAqua (CEP17), and SpectrumGold (LSI 9p21).

 Methodology

A detailed description of the materials required for specimen 
preparation, hybridization, and scoring is provided in the 
package insert of the UroVysion® assay (Vysis, Inc./Abbott 
Laboratories). Several authors have suggested minor altera-
tions to the preparation methodology as well [31]. The steps 
involve specimen pretreatment, denaturation and probe 
hybridization, post-hybridization washes, and counterstaining 
by 4′ 6-diamidino-2-phenylindol (DAPI), followed by scoring 
and interpretation using the red, green, aqua, and yellow fil-
ters at a magnification of 400X.  The whole specimen is 
 examined, including cell clusters. Nuclei are characterized as 
morphologically suspicious if they occur in clusters (overlap-
ping nuclei are excluded from analysis) or are enlarged, 
irregular in shape, and/or are showing irregular/nonuniform 
(patchy) DAPI staining. A minimum number of 25 morpho-
logically abnormal cells are initially examined. If the purpose 
of the UroVysion® test is the elucidation of the significance 
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of AUC, then ideally the FISH test should be performed on 
the same slide as the cytological examination, which is 
destained and then subjected to FISH (“target FISH”) with 
the results are read in the previously marked (“targeted”) 
atypical cells [32]. However, this is technically demanding and 
is mostly done in cytology laboratories outside the United 
States, since the FDA-approved protocol involves the prepa-
ration of new slides, which are then subjected to FISH.

 Interpretation of the Test

The UroVysion® FISH test is interpreted as “positive” if:

 1. Four or more cells demonstrate polysomy (numeric gains) 
in two or more chromosomes (3, 7, and 17) in the same cell, 
i.e., four or more nuclei each show >2 red signals in any two 
of the centromeric probe (red and green and aqua) signals 
(2-4-3-2 or similar pattern).

 2. At least 12 morphologically abnormal cells demonstrate 
homozygous loss of 9p21, i.e., show no locus-specific 9p21 
(gold) signals.

If none of the above findings are present, the test is inter-
preted as “negative.”

See Figs. 16.1a, b and 16.2a, b.
A scoring sheet can be used for recording the number of 

signals observed in each of the 25 most abnormal cells or the 
entire sample. Examples are shown in Fig. 16.3a–c. Incidentally, 
the evaluation and analysis of UroVysion® FISH may be 
automated using systems such as Bioview (Billerica, MA) 
(shown in Fig.  16.4), Applied Spectral Imaging (Carlsbad, 
CA), Ikonisys (New Haven, CT), or others. The reporting is 
based on the information provided by the score sheet, exam-
ples are shown in Fig. 16.5a, b.

Some alternative, modified positivity criteria and cutoff 
points have been proposed and may have better sensitivity 
and/or specificity to the manufacturer recommended FDA- 
approved criteria in instrumented urinary tract specimens. 
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a b

Figure 16.1 Negative (a) and positive (b) UroVysion® FISH test 
(1000×). (a) Note the presence of two of each red, green, and aqua 
signals corresponding to the centromeric probes for chromosomes 3, 
7, and 17  in the cell depicted. (b) Nucleus showing aneuploidy, i.e., 
3 red, 3 green, and 4 aqua signals in the cell depicted. Images cour-
tesy of Ediz Cosar, MD, University of Massachusetts

a b

d e f

c

Figure 16.2 UroVysion® FISH test in a case of atypical urothelial 
cells (AUC) showing the Papanicolaou-stained cytologic prepara-
tion (a, 400×) and high-power (1000×) images of a nucleus with the 
red (b), green (c), aqua (d), and gold (e) filters and a summation 
image overlaying the images obtained with all four filters (f). The 
cell is aneuploid showing 5 chromosomes 3, 5 chromosomes 7, 3 
chromosomes 17, and 4 9p21loci. (Images courtesy of Ediz Cosar, 
MD, University of Massachusetts)
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Figure 16.3 Scoring sheet of UroVysion® FISH. (a) Scoring lead to 
a “positive” test due to aneuploidy. (b) Scoring lead to a “positive” test 
due to deletion of 9p21 in more than 12 cells. (c) This score shows that 
there are nine aneuploid cells (that are tetraploid). While this would 
be considered positive under the FDA-approved interpretation crite-
ria, it would be negative applying modified positivity criteria
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Figure 16.4 Automated cell imaging and analysis of UroVysion® 
FISH using the Bioview system. (Images courtesy of Ediz Cosar, 
MD, University of Massachusetts)

One of these modifications is the exclusion of 10 or fewer 
cells with a balanced polyploidy [33], i.e., when the number of 
FISH positive cells (polysomic in two or more chromosomes 
in the same cell), was ≥4 after subtracting the tetraploid cells. 
Balanced polyploidy is present when the nucleus shows 4 or 
8 complete sets of chromosomes (4N or 8N) resulting in or 4 
or 8 signals of each probe (a 4-4-4-4 or 8-8-8-8 pattern). In 
practice, such “uniform tetraploid cells” also include cases in 
which one of the 4 signals is absent, i.e., showing a 4-4-4-3 
pattern [34, 35]. Abnormal DNA ploidy, especially tetra-
ploidy is common in umbrella cells in normal urinary tract 
cytology specimens and has been well-described in bladder 
washes evaluated by image analysis [36]. This was particularly 
true when the largest and most atypical cells were selected by 
a cytologically inexperienced operator, who tended to 
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 predominantly score umbrella cells. Tetraploidy was also 
commonly seen with UroVysion® FISH in a variety of reac-
tive conditions [32], especially in instrumented urine 
specimens in which umbrella cells are more numerous.

In general, if cutoff points for UroVysion® test positivity 
other than those recommended by the manufacturer and 
approved by the FDA can be used, different cutoff points 
could be used in different settings, since a high sensitivity and 
NPV of the test are preferable for patients under surveil-
lance, whereas a high specificity and PPV are better in the 
primary diagnostic setting [37].

Addendum Diagnosis
Fluorescence In situ Hybridization (FISH) Report

Bladder Cancer Detection by Vysis (R) UroVysion*

Result:
Specimen Site/Type:
Indication for Study:

nuc ish (D3Z1, (D7Z1, p16, (D17Z1)x2[450]

Fluorescence in situ hybridization(FISH) analysis was performed using the Vysis UroVysion Kit on analyzable cells from urine
specimens to detect aneuploidy of chromosomes 3, 7, and 17, and loss of 9p21 locus.

A total of 450 cells were examined and a negative UroVysion FISH profile was observed.

A positive UroVysion result is defined as 4 or more cells with gains of multiple chromosomes (3, 7, and/or 17) or 12 or more cells
with homozygous loss of 9p21.

These results should be interpreted with caution. The criteria for positive UroVysion findings have not been established in
bladder/ureteral/renal pelvis wash, instrumented, or catheterized specimens. These types of specimens often yield abundant
superficial or “umbrella” cells, particularly when they are in a reactive state, are often tetraploid and, therefore, can give rise to
abnormal UroVysion findings in the absence of neoplasia.

Interpretation:

Negative
Bladder Washings
UROVYSION

Addendum Diagnosis
Fluorescence In situ Hybridization (FISH) Report

Bladder Cancer Detection by Vysis (R) UroVysion*

nuc ish (D3Z1x3~6),(D7Z1x3~5),(p16x2~6),(D17Z1x2~4)[4/250]

Fluorescence in situ hybridization(FISH) analysis was performed using the Vysis UroVysion Kit on analyzable cells from bladder 
washing specimens to detect aneuploidy of chromosomes 3, 7, and 17, and loss of 9p21 locus.

A total of 250 cells were examined and 4 cells showed aneuploidy of at least two chromosomes (3, 7, or 17), indicating positive
UroVysion FISH profile.

A positive UroVysion result is defined as 4 or more cells with gains of multiple chromosomes (3, 7, and/or 17) or 12 or more cells
with homozygous loss of 9p21.

These results should be interpreted with caution. The criteria for positive UroVysion findings have not been established in
bladder/ureteral/renal pelvis wash, instrumented, or catheterized specimens. These types of specimens often yield abundant
superficial or “umbrella” cells, particularly when they are in a reactive state, are often tetraploid and, therefoer, can give rise to
abnormal UroVysion findings in the absence of neoplasia.

Interpretation:

Result:
Specimen Site/Type:
Indication for Study:

Positive
Urinary Bladder Washing
UroVysion

a

b

Figure 16.5 Sample FISH reports issued as addenda to the urine 
cytology reports. (a) Sample “negative” UroVysion® FISH report. 
(b) Sample “positive” UroVysion® FISH report
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 Interpretation of the UroVysion® Test 
Results in Clinical Context

Table 16.2 shows the overall sensitivity, specificity, and 
 likelihood ratios of UroVysion® FISH testing, compared to 
cytology [38] as calculated in a meta-analysis. This meta-
analysis shows that FISH testing is more sensitive and less 
specific than urinary cytology. FISH testing results in both 
 false- negative and false-positive cases (Table 16.2). In addi-
tion, a variable percentage of cases (2.7–16.8%) may be not 
yield valid FISH results due to insufficient volume or num-
bers of cells or delay in testing.

 False-Negative Results

These can be due to several factors, including technical 
 factors, sample-related factors (insufficient cellularity of the 
sample, degenerated cells, presence of blood,  inflammation/
instrumentation), and tumor-related factors, including diploid 
tumors without p16 deletion. However, compared to other 
ancillary tests, the performance of FISH testing is less 
impacted by the presence of blood, inflammation, prior intra-
vesical therapy, and age of the patient [39]. A serious limita-
tion of the current practice of reflex testing urinary cytology 
specimens initially diagnosed as equivocal (AUC or SHGUC) 
is the fact that the atypical/suspicious cells may not be pres-
ent at all in the residual sample submitted for FISH testing.

Therefore a negative UroVysion® test does not rule out 
low-grade or high-grade urothelial carcinoma. This is espe-
cially true in urinary cytology specimens initially diagnosed 
as equivocal (AUC or SHGUC) (Table 16.3).

 False-Positive Results

Certain circumstances can lead to problems in the FISH test 
resulting in a false-positive interpretation. It is well known 
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that umbrella cells, cells showing polyomavirus cytopathic 
changes, and seminal vesicle cells can be aneuploid and have 
an abnormal FISH pattern. A positive urinary FISH test 
after radiation therapy (in the pelvic field for prostate or 
endometrial cancer) and/or chemotherapy (local or sys-
temic) must also be interpreted with caution, as both can 
lead to persistent chromosomal aberrations. It is therefore 
important to interpret FISH findings in the context of the 
morphologic findings of the urine cytology as well as 
the clinical setting.

Table 16.3 Reasons for false-negative and false-positive interpreta-
tion of UroVysion® FISH testing
Interpretation Cause Comment
False negative: 
Cytologically 
positive but 
FISH negative

Technical factors
Sample-related 
factors (e.g., 
insufficient cellularity, 
degenerated cells, 
presence of blood, 
inflammation/
instrumentation)
Tumor-related factors 
(e.g., diploid tumors 
without p16 deletion)

Compared to other 
ancillary tests, the 
performance of 
FISH testing is less 
impacted by the 
presence of blood, 
inflammation, prior 
intravesical therapy, 
and age of the patient

False positive:
Cytologically 
negative but 
FISH positive

Umbrella cell
Polyomavirus
Seminal vesicle cells

Due to polyploidy 
seen in these cells

False false 
positive

“Anticipatory 
positive” FISH

FISH results would 
be false positives, 
if only histologic 
results obtained 
within a 3–12-month 
follow-up period have 
been considered and 
have been termed 
“anticipatory positive” 
results
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Due to the occurrence of such false-positive results, a posi-
tive UroVysion® test result does not indicate a more aggres-
sive workup of patients with an equivocal cytology result and 
a negative cystoscopic evaluation [30].

 “False False-Positive” Results or Anticipatory 
Positive FISH Results

In the study by Yoder et al. [40], some of the patients with 
positive FISH results with concomitant negative or atypical 
urine cytology and negative initial cystoscopic examination 
developed recurrent UC beyond the study follow-up period 
but within 29  months of the FISH test results. These FISH 
results would be false positives, if only histologic results 
obtained within a 3–12-month follow-up period had been 
considered, and have been termed “anticipatory positive” 
results. According to this study, for 56 cases with a positive 
FISH result, there was a 65% chance (95% CI, 50%–80%) of 
developing recurrent UC within 29  months of having a the 
positive FISH test. However, this has not been confirmed in 
other studies [30]. For example, the largest study regarding 
the use of UroVysion® FISH in the setting of AUC found a 
high false-positive rate (28/53, 53%) that remained high even 
after extended follow-up (up to 36 months), arguing against a 
significant contribution of “anticipatory positive” results, and 
supporting the interpretation that instrumented urine 
specimens, which made up the majority of cases in the study, 
can give false-positive results due to the presence of high 
numbers of reactive umbrella cells.

 Utilization Guidelines

As previously mentioned, the FDA has approved the 
UroVysion® FISH test to be used in conjunction with cur-
rent standard diagnostic procedures for the following:
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• Initial diagnosis of bladder carcinoma in patients with 
hematuria

• Subsequent monitoring for tumor recurrence in patients 
previously diagnosed with bladder cancer

According to the Center for Medicare Services (CMS), 
only one bladder cancer test per single date of service is con-
sidered reasonable and necessary. For high-risk patients with 
persistent hematuria and an initial negative FISH test result, 
one repeat FISH test within 1 year of the original attempted 
diagnosis, in conjunction with cystoscopy, is considered rea-
sonable and necessary.

 Billing Codes for UroVysion® Testing

The CPT codes for UroVysion® FISH are 88120 and 88121, 
but not codes 88271, 88274, or 88291, as outlined in Table 16.4.

In conclusion, the judicious use of this test in select clinical 
circumstances requires cost considerations, in addition to 
having a clear understanding of the limitations of the test and 
issues related to its interpretation.

Table 16.4 Billing codes (CPT codes) for UroVysion® FISH 
testing
CPT code Description
88120 Cytopathology, in situ hybridization (e.g., FISH), 

urinary tract specimen with morphometric analysis, 
3–5 molecular probes, each specimen; manual

88121 Cytopathology, in situ hybridization (e.g., FISH), 
urinary tract specimen with morphometric analysis, 
3–5 molecular probes, each specimen; using 
computer- assisted technology

88271 Molecular cytogenetic, DNA probe, each

88274 Interphase in situ hybridization, analyze 25–99 cells, 
each

88291 Molecular cytogenetic, interpretation and report
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ATRA All-trans-retinoic acid
BCL2/BCL6/BCL10 B-cell CLL/lymphoma 2/6/10
BCR Breakpoint cluster region
BIRC3 Baculoviral IAP repeat-containing 

protein 3
BRAF V-raf murine sarcoma viral oncogene 

homolog B
BTK Bruton tyrosine kinase
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CEBPA CCAAT-enhancer-binding protein alpha
CHOP Cyclophosphamide, hydroxydaunorubicin 

(doxorubicin or Adriamycin), Oncovin (vincris-
tine), and prednisone

CNS Central nervous system
COO Cell of origin
CXCR4 C-X-C motif chemokine receptor 4
DNA Deoxyribonucleic acid
DNMT3A DNA methyltransferase 3 alpha
DUSP22 Dual specificity phosphatase 22
EBV Epstein-Barr virus
FDA Food and Drug Administration
FFPE Formalin-fixed paraffin-embedded
FISH Fluorescence in situ hybridization
FL Follicular lymphoma
FLT3 Fms-related tyrosine kinase 3
FNA Fine-needle aspiration
FOXP1 Forkhead box P1
GEP Gene expression profile
IDH Isocitrate dehydrogenase
IGH Immunoglobulin heavy chain locus
IGHV Immunoglobulin heavy chain variable region
KIT KIT proto-oncogene receptor tyrosine kinase
KRAS Kirsten rat sarcoma viral oncogene homolog
MALT1 Mucosa-associated lymphoid tissue lymphoma 

translocation gene 1
MAP2K1 Mitogen-activated protein kinase 1
MYC V-myc avian myelocytomatosis viral oncogene 

homolog
MYD88 Myeloid differentiation primary response 88
NK Natural killer
NGS Next-generation sequencing
NOTCH1 Notch (Drosophila) homolog 1 

(translocation-associated)
NPM1 Nucleophosmin 1
PAX-5 Paired box 5
PDGFRA Platelet-derived growth factor receptor alpha
PLCG2 Phospholipase C gamma 2
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qPCR Quantitative polymerase chain reaction
RUNX1 Runt-related transcription factor 1
SF3B1 Splicing factor 3b subunit 1
TCL1A T-cell leukemia/lymphoma 1A
TCR T-cell receptor
TET2 Tet methylcytosine dioxygenase 2
TP53/63 Tumor protein p53/p63

Key Points

• In hematologic malignancies, molecular testing of 
cytology specimens can be extremely useful in the 
context of tissue-based malignancies such as lympho-
mas and myeloid sarcomas when the source of 
nucleic acids can be limited

• Assessment of VDJ rearrangements in immunoglob-
ulin heavy chain (IgH) and T-cell receptor (TCR) 
beta or gamma genes by PCR-based assays is a valu-
able adjunct for differentiating neoplastic and reac-
tive B-cell and T-cell lymphoproliferative disorders

• Small B-cell lymphomas:
 – Assessment of characteristic translocations by 

either FISH or RT-PCR is useful for diagnosis, 
subclassification, and monitoring

 – Lymphoplasmacytic lymphoma is frequently asso-
ciated with MYD88 mutation; CXCR4 mutation 
status is helpful to predict prognosis

 – Unmutated IGHV is associated with decreased 
survival in CLL/SLL independent of disease stage 
and high-risk genomic abnormalities

• Large B-cell lymphomas:
 – MYC rearrangement is prognostic in diffuse large 

B-cell lymphomas; in addition to MYC, testing for 
rearrangements in BCL2 and BCL6 genes is 
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Precision medicine is currently the standard of care in most 
hematologic malignancies. Clinical trials targeting molecular 
biomarkers are ongoing for many others [1]. Since molecular 
testing is integral for personalized therapy, it has become a 
critical aspect of patient management. Within the setting of a 

essential for the recognition of double-hit and 
triple-hit high-grade B-cell lymphomas

 – To determine the cell-of-origin classification, 
immunohistochemistry is often used as a surro-
gate for gene expression analysis

• BRAF mutations in hairy cell leukemia and 
Langerhans cell histiocytosis, as well as MAP2K1 
mutations in hairy cell leukemia variant, are useful 
for targeted therapeutics with vemurafenib and 
MEK inhibitors, respectively

• Currently, FDA has approved drugs for targeted 
therapies in AML with mutations in IDH1/2 and 
FLT3 gene mutations

• Screening for drug resistance mutations is an impor-
tant monitoring tool in CML treated with TKIs for 
BCR/ABL1 kinase domain mutations, and CLL 
treated with B-cell signaling pathway inhibitors for 
mutations in BTK and PLCG2 genes

• In situ hybridization for EBV-encoded mRNA 
(EBER) and PCR for viral DNA is used for the diag-
nosis of classical Hodgkin lymphomas, B-cell and 
T-cell/NK non- Hodgkin lymphomas, as well as moni-
toring lymphoproliferative disorders arising in the 
setting of immunodeficiency such as post-stem cell 
transplantation

• In post-allogeneic stem cell transplant patients, 
microsatellite- based chimerism assays are performed 
at regular intervals to monitor donor engraftment and 
determine the donor versus recipient origin of tumor
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broader multidisciplinary team, pathologists are at the fore-
front to process diagnostic specimens and facilitate 
 appropriate triaging for various ancillary testing [2]. Blood-
based hematologic malignancies such as leukemia(s) gener-
ally have abundant and easy access to diagnostic material for 
molecular work-up such as bone marrow aspirates and 
peripheral blood specimens. The role of FNA cytology aspi-
rates and small biopsies comes into play in the diagnostics of 
tissue-based hematologic malignancies and in specific con-
texts of blood-based malignancies as detailed below:

 1. Diagnostic work-up of tissue-based hematologic 
malignancies:
 (a) Myeloid sarcoma
 (b) Extramedullary B-cell lymphoblastic lymphoma(s)
 (c) B-cell and T-cell lymphoma(s)
 (d) Histiocytic neoplasms such as follicular dendritic cell 

sarcomas, Langerhans cell histiocytosis
 (e) Rosai-Dorfman disease

2. Involvement of CSF and serous effusions
3. Testing precluded on bone marrow aspirates due to limited 

neoplastic cells due to (a) marrow fibrosis such as hairy 
cell leukemia, (b) underestimation of plasmacytic compo-
nent by flow cytometry as in lymphoplasmacytic lym-
phoma, and (c) technically poor BM.

With the increasing use of minimally invasive procedures, 
judicious use of the specimen for morphology, immunohisto-
chemistry, flow cytometry, cytogenetic, and molecular genetic 
work-up is needed. Specifically, for molecular testing of 
hematologic malignancies, the need for simultaneous assess-
ment of gene mutations, copy number assessment, transloca-
tions, gene expression, etc. warrants an adequate amount of 
high-quality nucleic acids. However, since the diagnosis of 
malignancy is often not anticipated, these cases lack fresh or 
frozen tissue for genomic testing. It is difficult to obtain high-
quality DNA from FFPE samples. In these instances, molecu-
lar testing on FNA specimens offers distinct advantages 
compared to FFPE specimens. FNA provides unprocessed 
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high-molecular-weight nucleic acids; the  quantitative tumor 
burden information based on the concurrent multi-paramet-
ric flow cytometry analysis is readily available for use in 
downstream interpretation [3].

A wide variety of molecular aberrations are present in 
hematological malignancies. Often times, these malignancies 
have to be screened for multiple types of genetic aberrations, 
thus requiring DNA- and RNA-based testing. Hence, a multi-
modal approach for molecular biomarker assessment, when 
feasible, is preferred. Further, judicious utilization of these 
limited FNA specimens and FFPE blocks is essential, thereby 
underscoring the important role of the cytopathologist in 
triaging samples for effective integration of molecular ancil-
lary testing.

 Lymphoid Malignancies

Molecular testing is a critical adjunct for personalized ther-
apy in lymphoid malignancies and provides valuable informa-
tion for diagnosis, prognostication, and treatment selection.

 Translocations

In lymphoid malignancies, identification of characteristic 
translocations can facilitate diagnosis, subtyping, and prog-
nostication. Detection of t(11;14) is diagnostic for mantle 
cell lymphoma [4–7]. Both FISH and PCR-based testing 
have been well established in cytology specimens. FISH 
offers a distinct advantage of higher detection yield in most 
cases due to significant breakpoint heterogeneity that limits 
the proportion of translocations that can be interrogated by 
PCR, such as in mantle cell lymphoma. However, qPCR, if 
positive, can be used for the evaluation of minimal residual 
disease [8–10]. In the right clinical and morphologic context, 
molecular studies for characteristic translocations can help 
in subtyping specific types of small B-cell lymphomas. FISH 
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studies can be easily performed on fine-needle aspirates 
from  follicular lymphoma (FL) for t(14;18)(q32;q21) [4, 
 11–13], which is seen in more than 90% of low-grade 
FL. Marginal zone lymphomas have a variety of transloca-
tions, such as t(11;18)(q21;q21) BIRC3-MALT1 in gastric 
and pulmonary locations, t(14;18)(q32;q21) IGH@-MALT1 
in ocular adnexa, t(3;14)(p14.1;q32) FOXP1-IGH@ in thy-
roid, and t(1;14)(p22;q32) IGH@-BCL10 in lung [4]. In these 
occasions, molecular results serve as valuable adjuncts to 
support a suspected diagnosis. In addition, translocations are 
important in prognostication of large B-cell lymphomas. 
Burkitt lymphoma is characterized by the presence of t(8;14)
(q24;q32) involving MYC and IGH@ or, rarely, kappa or 
lambda light chains. In diffuse large B-cell lymphoma 
(DLBCL), MYC rearrangement is associated with poor 
prognosis. For high-grade B-cell lymphomas, testing for 
translocations in MYC, BCL2, and BCL6 is a part of routine 
standard of care for appropriate management due to poor 
outcome seen in these patients. These are designated as 
double-hit and triple-hit lymphomas in the new 2016 WHO 
classification system. Similarly, in T-cell lymphomas, ALK 
rearrangement, most frequent being t(2;5)(p23;q35), is seen 
in ALK-positive anaplastic large-cell lymphoma (ALCL) 
cases, although ALK positivity by immunohistochemistry is 
an easy surrogate marker for FISH [14]. Among ALK-
negative ALCL, predictive biomarkers include DUSP22 
rearrangement, which has a favorable outcome, and TP63 
rearrangement, which may portend a poor outcome [15]. 
T-prolymphocytic leukemia often presents with cutaneous 
involvement and is associated with TCL1 rearrangement or 
inversion in majority of cases [16].

In addition to translocations, characteristic chromosomal 
alterations have a significant role in prognostic evaluation of 
chronic lymphocytic leukemia (CLL)/small lymphocytic lym-
phoma (SLL). While translocations are rare in CLL/SLL, 
standard gene copy number assessment for del(13q), del(11q), 
del(17p), and trisomy 12, routinely performed by either 
FISH  or array-based comparative genomic hybridization, is 
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 prognostic beyond other clinical factors [17, 18]. Although not 
of similar significance, abnormalities such as trisomy of chro-
mosomes 3, 7, and 18 and loss of chromosome 7q are frequent 
in marginal zone B-cell and splenic marginal zone B-cell 
lymphomas, respectively.

 Gene Mutation Analysis

Multi-gene mutation profiling can be readily performed using 
next-generation sequencing or other techniques on FNA 
specimens from suspected lymphoma [19–21]. Testing for 
MYD88 L265P and CXCR4 mutations is a routine practice 
for lymphoplasmacytic lymphoma (LPL). LPL can involve 
lymph nodes and extranodal sites affected by marginal zone 
B-cell lymphoma, and the differential diagnosis between the 
two entities is extremely difficult. MYD88 mutations are seen 
in over 90% of patients with LPL [22]. Identification of 
MYD88 mutation favors the diagnosis of LPL. In addition to 
diagnosis, the knowledge of MYD88 and CXCR4 mutation 
status is useful for prognostication of LPL. Further, CXCR4 
mutations are associated with inferior response to ibrutinib 
therapy [23, 24]. Similarly, gene mutation analysis is integral 
to the work-up of CLL/SLL due to prognostic value. Rossi 
et al. have proposed an integrated prognostic model combin-
ing gene mutations in NOTCH1, SF3B1, and BIRC3 and 
standard FISH abnormalities [25]. However, other than TP53 
aberrations, most other mutations do not influence the choice 
of treatment at this time [17]. Hairy cell leukemia and variant 
can rarely present in extramedullary sites [26]. Hairy cell leu-
kemia is characterized by a high frequency of BRAF muta-
tions [27] and has shown good response with vemurafenib, 
which is a potent inhibitor of kinase domain [28]. A subset of 
variant hairy cell leukemia cases with certain MAP2K1 muta-
tions may respond to MEK inhibitors [29]. Potentially targe-
table clonal genetic aberrations have also been identified in 
the histiocytic disorders, such as BRAF V600E mutations in 
Langerhans cell histiocytosis [30] and KRAS and MAP2K1 
mutations in Rosai-Dorfman disease [31].
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 Gene Expression Profiling

Gene expression profiling (GEP) has identified two distinct 
biological subtypes of DLBCL based on cell of origin 
(COO) – germinal center versus activated B-cell phenotype 
[32]. Determination of the COO subtype is important for 
clinical trials for prognosis and may warrant modification to 
the standard R-CHOP regimens [33]. While determination of 
COO subtype by GEP is not a standard of practice due to the 
need for fresh tissue, adjunct low-density gene expression 
assays applicable for FFPE specimens are potentially avail-
able [34–36]. FNA specimens have been shown to be feasible 
alternates for transcription profiling of lymphomas [37].

 Myeloid Malignancies

In myeloid malignancies, the role of molecular biomarkers 
cannot be overemphasized for the purposes of (1) diagnosis, 
(2) prognostication, (3) selection of therapy, and (4) monitor-
ing of minimal residual disease. Cytopathology plays a major 
role in molecular profiling of leukemias presenting as soft 
tissue masses (myeloid sarcomas), effusions, or CNS-based 
disease. Each of the hematologic malignancies has a charac-
teristic chromosomal genomic profile, including copy number 
changes and copy-neutral heterozygosity, which can be 
assessed using microarray platforms in addition to gene 
translocations and mutation analysis [38]. However, for the 
purpose of this chapter, we will only focus on gene transloca-
tions and gene mutations.

 Gene Translocations

Similar to their medullary counterparts, detection of specific 
genetic alterations is critical for diagnosis and subclassifica-
tion within the broader diagnostic categories. Generally, 
selected translocations are tested using FISH or PCR-based 
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assays depending on the morphologic suspicion. These include 
abnormal eosinophils in AML with inv(16), B-cell markers 
such as PAX-5 expression in blasts of AML with t(8;21), and 
bilobed “apple-core” morphology of blasts with strong myelo-
peroxidase expression in acute promyelocytic leukemia with 
t(15;17). These specific translocations are important to iden-
tify due to distinct prognostic outcome that may warrant a 
specific therapy, such as ATRA therapy for acute promyelo-
cytic leukemia, a subtype of AML, defined by t(15;17). 
Similarly, chronic myeloid leukemia patients and a subset of 
B-lymphoblastic leukemia/ lymphoma with BCR/ABL1 rear-
rangement, myeloid/lymphoid neoplasms with rearrange-
ments involving PDGFRA, and advanced systemic 
mastocytosis without KIT D816V mutation respond to treat-
ment with tyrosine kinase inhibitors [39–42]. Advances in 
nanofluidic technology have permitted simultaneous screen-
ing for many of these translocations with limited amounts of 
RNA. PCR-based assays for the translocations permit evalu-
ation of residual disease; however, these are feasible in 
peripheral blood or bone marrow.

 Gene Mutations

Advances in NGS-based technology have shed extensive 
light on the spectrum of gene mutations in AML and other 
myeloid neoplasms. The 2016 WHO classification of AML 
has formally incorporated the entities of AML with mutated 
NPM1 and AML with bi-allelic CEBPA mutations and the 
provisional entity of AML with mutated RUNX1 [43]. In 
addition, several gene mutations such as FLT3, TET2, 
ASXL1, DNMT3A, IDH1, IDH2, and TP53 are of prognos-
tic significance. Some of the gene mutations have been incor-
porated into the NCCN guidelines and 2017 ELN risk 
stratification of AML [44, 45]; ELN includes, in addition to 
cytogenetic abnormalities and translocations, mutations in 
NPM1, FLT3, CEBPA, RUNX1, ASXL1, and TP53. The fea-
sible mode of interrogating these mutations would be by a 
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multi-gene NGS panel almost routinely done in most labora-
tories. Non- formalin- fixed FNA specimens provide high-
molecular- weight DNA that permits testing for a broader 
spectrum of mutations than might be possible from FFPE 
cell blocks; hence, procuring adequate material up front for 
molecular testing is important. A recent significant develop-
ment included FDA approval of two drugs for targeted treat-
ment of AML with mutated FLT3 or mutated IDH [46, 47]. 
Testing for these gene mutations, at a minimum, is warranted 
to identify targets of therapy in addition to several gene 
mutations in clinical trials. And with the rapid evolution in 
the field of molecular biomarkers, this list is likely to increase 
in the future.

 Resistance Mutations

With the availability and use of drugs that target specific 
pathways, tumors can develop mutations leading to drug 
resistance. Examples include mutations in the BCR/ABL1 
kinase domain for tyrosine kinase inhibitors in CML [48] and, 
more recently, mutations in BTK and PLCG2 genes in CLL 
patients treated with ibrutinib [49]. Consequentially, testing 
for resistance mutations while on treatment is an important 
aspect of monitoring and is emerging as standard of care test-
ing. Often, due to the need for early detection of these drug 
resistance mutations, testing requires the use of a highly sen-
sitive technique with a much lower limit of detection than 
that used at the time of initiation of treatment.

 Malignancy-Associated Viruses

Molecular testing for malignancy-associated viruses, specifi-
cally Epstein-Barr virus, plays an important role in the diag-
nosis and monitoring of a variety of hematologic conditions 
including classical Hodgkin lymphomas, B-cell and T-cell/NK 
non-Hodgkin lymphomas, as well as lymphoproliferative 
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 disorders arising in the setting of immunodeficiency such as 
post-stem cell transplantation [50–53]. Molecular techniques 
such as in situ hybridization for EBV-encoded mRNA 
(EBER) and PCR for viral DNA are standard clinical prac-
tices for diagnosis and monitoring. In certain conditions, such 
as post-stem cell transplant, EBV status guides disease man-
agement; hence sensitive PCR-based techniques are vital.

 Other Molecular Assays Unique 
to Hematologic Malignancies

In addition to translocations, copy number assessments, and 
mutation analysis, certain tests are unique to hematologic 
malignancies.

Differentiation of low-grade lymphomas and reactive 
lymphoid proliferations can be very challenging despite the 
use of standard immunohistochemical ancillary techniques 
[54]. In addition to genetic translocations and mutations, the 
identification of monoclonal gene rearrangements, e.g., VDJ 
rearrangements in immunoglobulin heavy chain (IgH) and 
T-cell receptor (TCR) beta or gamma genes, is a useful 
adjunct in diagnostically challenging cases, and often essen-
tial for interpreting skin biopsies [3, 4, 9, 54–58]. Clinical 
testing for monoclonal gene rearrangements plays a vital 
role in identifying the neoplastic nature of lymphoid prolif-
erations. In order to achieve consensus across institutions 
with respect to primers and procedures and hence avoid 
false-negatives and false-positives, EuroClonality/
BIOMED-2 consortium was established to standardize test-
ing methods across the institutions [59–63]. Once a monoclo-
nal rearrangement has been identified, it can be used as a 
biomarker for serial follow- up to monitor residual disease. 
This is especially feasible in the context of the development 
of NGS-based clonality testing that can provide patient-
specific sequence at sufficient sensitivity. IGHV mutational 
status (aka somatic hypermutation) is a standard of care test 
in CLL/SLL. Unmutated IGHV (defined as greater than or 
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equal to 98% sequence homology with germline) is associ-
ated with decreased survival independent of disease stage 
and high-risk genomic abnormalities [64, 65]. Use of VH3-21 
is associated with poor survival irrespective of the mutation 
status [66]. In hairy cell leukemia, a minor subset of cases 
showing unmutated IGHV is associated with refractoriness 
to single-agent cladribine [67]. Further, hairy cell leukemia 
and variant with VH4-34 usage is associated with poor prog-
nosis and absent BRAF mutations [68, 69]. Currently NGS-
based techniques using high-molecular-weight DNA are 
often employed to accurately determine the degree of 
somatic hypermutation and the sequence and, hence, could 
be potentially assessed on FNA specimens [70]. In post-
allogeneic stem cell transplant patients, microsatellite-based 
chimerism assays are performed at regular intervals to moni-
tor donor engraftment and determine the donor versus 
recipient origin of tumor.

In summary, molecular testing is a crucial component of 
evaluation and management of hematologic malignancies. 
FNA cytology specimens are especially well suited for testing 
in hematologic malignancies as they provide adequate 
amounts of high-molecular-weight DNA; the interpretation 
of the results can be done in the context of the estimated 
tumor burden by simultaneous flow cytometry analysis. The 
importance of integrating molecular testing along with other 
diagnostic modalities including histopathologic evaluation, 
flow cytometry immunophenotypic analysis, and cytogenetic 
studies cannot be overemphasized.
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ABC Aneurysmal bone cyst
ALK Anaplastic lymphoma kinase or ALK 

receptor tyrosine kinase
ALT Atypical lipomatous tumor
APC Adenomatous polyposis coli
ASPS Alveolar soft part sarcoma
ASPSCR1 Alveolar soft part sarcoma critical 

region 1
ATF1 Activating transcription factor 1
BCOR BCL6 corepressor
BNCT Benign notochordal cell tumor
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BRAF V-raf murine sarcoma viral 
oncogene homolog B

CAMTA1 Calmodulin-binding transcription 
activator 1

CCLTGT Clear cell sarcoma-like tumor of the 
gastrointestinal tract

CCNB3 Cyclin B3
CDH11 Cadherin 11
CDK4 Cyclin-dependent kinase 4
CIC Capicua transcriptional repressor
CLTC Clathrin heavy chain
COL1A1/COL2A1 Collagen type I/type II alpha 1 chain
COL6A3 Collagen type VI alpha 3 chain
CREB1 cAMP-responsive element-binding 

protein 1
CREB3L1/CREB3L2  cAMP responsive element binding 

protein 3-like 1/protein 3-like 2
CSF1 Colony-stimulating factor 1
CTNNB1 Catenin beta 1
DDIT3 DNA damage-inducible transcript 3
DDLPS Dedifferentiated liposarcoma
DFSP Dermatofibrosarcoma protuberans
DNA Deoxyribonucleic acid
DOG1 Discovered on GIST-1
DSRCT Desmoplastic round cell tumor
DUX4 Double homeobox 4
EHE Epithelioid hemangioendothelioma
EMA Epithelial membrane antigen
EMC Extraskeletal myxoid chondrosarcoma
ERG V-ets erythroblastosis virus E26 

oncogene like
ETS Erythroblast transformation-

specific; ETS proto-oncogene 1
ETV1/ETV4 ETS variant 1/ETS variant 4
EWSR1 Ewing sarcoma breakpoint region 1
FET (TET) family FUS/EWS/TLS (TAF15/EWS/TLS)
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FEV Fifth Ewing variant
FGFR1-4 Fibroblast growth factor receptor 1-4
FLI1 Friend leukemia integration 1
FISH Fluorescence in situ hybridization
FFPE Formalin-fixed, paraffin-embedded
FOXO1 Forkhead box O1
FNA Fine-needle aspiration
FUS Fused in sarcoma
GCT Giant cell tumor
GFAP Glial fibrillary acidic protein
GIST Gastrointestinal stromal tumor
GNAS1 GNAS complex locus (guanine 

nucleotide- binding protein (G protein), 
alpha-stimulating activity polypeptide 1)

H&E Hematoxylin and eosin
H3.3 H3 histone family
H3F3A/H3F3B H3 histone family member 3A/3B
H3K27me3 Histone 3 lysine 27 trimethylation
HEY1 Hes-related family bHLH transcription 

factor with YRPW motif 1
HMB-45 Human melanoma black
HMGA2 High-mobility group AT-hook 2
IAF E1A enhanced-binding protein, E1AF
IDH1/IDH2 Isocitrate dehydrogenase 1/2
IHC Immunohistochemistry
IMT Inflammatory fibroblastic tumor
INI1 Integrase interactor 1
LCH Langerhans cell histiocytosis
LGFMS Low-grade fibromyxoid tumor
MAPK Mitogen-activated protein kinase
Mart-1 Melanoma antigen recognized by T-cell 1
MDM2 Protein 53 E3 ubiquitin protein ligase 

homolog (mouse)
MiTF Microphthalmia-associated transcrip-

tion factor
MPNST Malignant peripheral nerve sheath 

tumor
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MUC4 Mucin 4
Myf-4 Myogenic factor 4
MYH9 Myosin heavy chain 9
MyoD1 Myogenic differentiation 1
NAB2 NGFI-A-binding protein 2
NCOA2 Nuclear receptor coactivator 2
NKX2.2 NK2 homeobox 2
NR4A3 Nuclear receptor subfamily 4 group 

A member 3
NSE Neuron-specific enolase
PAX3/PAX7 Paired box 3/Paired box 7
PBX1 PBX homeobox 1 (pre-B-cell leu-

kemia homeobox 1)
PCR Polymerase chain reaction
PDGFRA/PDGFRB Platelet-derived growth factor 

receptor alpha/beta
POU5F1 POU class 5 homeobox 1 (POU 

domain class 5, transcription factor 
1)

PRC2 Polycomb repressor complex 2
PRKAR1A Protein kinase cAMP-dependent 

type I regulatory subunit alpha
RANBP2 RAN-binding protein 2
RAS RAS type GTPase family
Rb Retinoblastoma
RMS Rhabdomyosarcoma
RNA Ribonucleic acid
ROSE Rapid on-site evaluation
RPMI Roswell Park Memorial Institute
RT-PCR Reverse transcription-polymerase 

chain reaction
SDH Succinate dehydrogenase
SFT Solitary fibrous tumor
SMA Smooth muscle actin
SMARCB1 SWI/SNF-related matrix-associated 

actin-dependent regulator of chro-
matin subfamily B member 1

SOX10 Sry-related HMG-box gene 10
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SS18 Synovial sarcoma translocation, 
chromosome 18

SSX1/SSX2/SSX4 SSX family member 1; synovial 
sarcoma, X breakpoint 1/ break-
point 2/ breakpoint 4

STAT6 Signal transducer and activator of 
transcription 6

TAF15 TATA-box binding protein-associ-
ated factor 15

TFE3 Transcription factor binding to 
immunoglobulin heavy constant

TKI Tyrosine kinase inhibitor
TLE1 Transducin-like enhancer of split 1
TPM3/TPM4 Tropomyosin 3/Tropomyosin 4
USP6 Ubiquitin-specific peptidase 6
VGLL2 Vestigial-like family member 2
WDL Well-differentiated liposarcoma
WHO World Health Organization
WT1 Wilms’ tumor suppressor protein
WWTR1 WW domain containing transcrip-

tion regulator 1
YAP1 Yes-associated protein 1
ZNF444 Zinc finger protein 444

Key Terminologies

Actionable alteration A genomic event that has 
diagnostic, prognostic, or 
 therapeutic disease-specific 
significance

Chromosomal karyotype Evaluation of the number and 
structure of chromosomes 
from metaphase- arrested 
tumor cell nuclei to detect 
gross chromosomal 
abnormalities

Chromosomal translocation Chromosomal rearrangement 
secondary to exchange of 
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material between nonhomol-
ogous chromosomes

Fluorescence in situ  A molecular detection  hybrid-
ization technique that uses 
fluorescently labeled DNA to 
hybridize to complementary 
regions within the target DNA

Fusion gene A hybrid gene that is formed 
from a translocation that joins 
two otherwise- separated genes 
by mechanisms such as translo-
cation or interstitial deletion

Fusion type The specific exon combina-
tion between two genes for a 
given fusion variant of a 
tumor type

Fusion variant Specific combination of part-
nered fusion gene to a com-
monly rearranged gene within 
a tumor type

IHC A laboratory technique that 
allows the visualization of 
specific antigens in tissue by 
conjugating them to comple-
mentary antibodies with a 
reporter molecule. Common 
reporters are enzymes such 
as horseradish peroxidase. 
Enzymatic activation of the 
reporter leads to the produc-
tion of a colored product that 
can be visualized with light 
microscopy

Immunophenotype  Tumor type- specific expres-
sion patterns of antigens 
detected by IHC
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Mutation  Change in the nucleotide 
sequence of a gene or a chro-
mosome. It may be classified 
into various ways. One of 
these classifications involves 
classifying mutations based 
on the effect on structure: (1) 
small- scale mutations and (2) 
large- scale mutations

NGS  A high- throughput approach 
using massively parallel 
sequencing (either targeted 
sequencing or transcriptome 
sequencing) to detect genetic 
alterations

RT-PCR  PCR-based assay that detects 
and quantifies in “real time” 
the amplification of a given 
target using specific fluores-
cent probes

Targeted sequencing  
(DNA-seq)  NGS approach to detect 

single  nucleotide variants 
using DNA probes for a 
panel of selected genes from 
a tumor sample

Transcriptome sequencing  
(RNA-seq)  NGS approach to extract and 

sequence RNA molecules 
from a tumor sample

Wild-type A phenotype/genotype/gene 
that predominates in a natu-
ral population. Wild-type 
allele is the one that is the 
most common one in the nat-
ural population
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Key Points

• Definitive cytologic diagnosis is now possible for 
many soft tissue and bone tumors given the numer-
ous advances in ancillary test development

• The diagnosis of soft tissue and bone neoplasms 
requires integration of morphologic, clinical, and 
radiographic features with relevant immunohisto-
chemical and molecular tests

• Although immunohistochemistry, FISH, and 
sequencing assays can be performed on all cytology 
samples, rapid on-site evaluation is helpful to ensure 
specimen adequacy and to triage material for cell 
block preparation, which is frequently the preferred 
substrate for ancillary testing

• Most soft tissue and bone tumors that harbor recur-
rent molecular alterations have chromosomal trans-
locations, gene amplifications, or point mutations, 
which can be detected by FISH and sequencing-
based methods (such as RT-PCR)

• In order to optimize work-up of small cytologic biop-
sies, immunohistochemistry should be performed 
first, using panels selected based on clinical and mor-
phologic features to address the differential diagno-
sis, and those results should then guide further 
molecular testing

• Immunohistochemistry can be used to identify line 
of differentiation and confirm characteristic immun-
ophenotypes for many entities, including protein cor-
relates of underlying molecular alterations

• The cytopathologist should be aware that many 
tumor types share immunohistochemical and genetic 
features, which may pose numerous diagnostic 
pitfalls

• Sarcomas with pleomorphic morphology can have 
complex karyotypes/genomic profiles and often lack 
distinctive immunophenotypes
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 Introduction

Molecular genetics has an important role in the characteriza-
tion, classification, and diagnosis of soft tissue and bone neo-
plasms. The identification of defining molecular alterations 
for numerous soft tissue and bone neoplasms has facilitated 
the recognition of novel entities, refinements in tumor clas-
sification, and development of many useful diagnostic immu-
nohistochemical and molecular tests. These ancillary tools 
can be performed on cytologic preparations, and it is increas-
ingly feasible to render accurate diagnoses on these limited 
volume samples. Soft tissue and bone neoplasms are rare but 
present frequent diagnostic challenges in cytopathology prac-
tice. Soft tissue and bone tumors are organized by the WHO 
classification [1] based on common histogenesis as deter-
mined by clinical, morphologic, immunohistochemical, and 

• FISH has high utility in cytology specimens, and 
break- apart probes are most commonly employed to 
identify gene rearrangements; however, FISH cannot 
detect specific fusion type

• For some entities, identification of the fusion type 
(i.e., partner gene), such as by RT-PCR, may be 
required for definitive diagnosis given that many 
entities can share gene rearrangements

• While the rapidly growing NGS technologies have no 
current diagnostic role for soft tissue and bone neo-
plasms, NGS has had a significant role in tumor dis-
covery and has many exciting potential applications 
in the future

• Because decalcification with harsh acid solutions 
(e.g., nitric acid, hydrochloric acid) damages nucleic 
acids and compromises most molecular tests includ-
ing sequencing and FISH, FNA material (non-decal-
cified) and/or bone biopsy cores treated with 
EDTA-based decalcification are preferred for molec-
ular testing of bone tumor biopsy samples
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molecular genetic features (see Table 18.1); it should be noted 
that there remain categories of “uncertain differentiation” for 
soft tissue and bone tumors. These neoplasms encompass a 
large number and wide diversity of tumor types, and there is 
considerable morphologic overlap between entities, and 
ancillary testing is often necessary for diagnosis.

The diagnostic approach to any soft tissue and bone 
tumor on small biopsy begins with the evaluation of the cyto-
morphologic features and correlation with clinical and imag-
ing data to guide the differential diagnosis and ancillary 
testing. Many tumors are sampled by fine-needle aspiration 
(FNA) either by palpation or image guidance. Rapid on-site 

Table 18.1 Classification of soft tissue and bone tumors based on 
the 2013 (4th edition) WHO [1]
Tumors of soft tissue Tumors of bone
Adipocytic tumors Chondrogenic tumors

Fibroblastic/myofibroblastic 
tumors

Osteogenic tumors

So-called fibrohistiocytic 
tumors

Fibrogenic tumors

Smooth muscle tumors Fibrohistiocytic tumors

Pericytic tumors Ewing sarcoma

Skeletal muscle tumors Osteoclastic giant cell-rich tumors

Vascular tumors Notochordal tumors

Chondro-osseous tumors Vascular tumors

Gastrointestinal stromal 
tumors

Myogenic, lipogenic, and epithelial 
tumors

Nerve sheath tumors Tumors of undefined neoplastic 
potential

Tumors of uncertain 
differentiation

Undifferentiated high-grade 
pleomorphic sarcoma

Undifferentiated/unclassified 
sarcomas
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evaluation (ROSE) has an additional advantage for speci-
men triage to ensure allocation of material for ancillary stud-
ies. Direct smears are best for visualization of cytomorphologic 
features, and formalin-fixed, paraffin-embedded (FFPE) cell 
blocks are the favored substrate for immunohistochemistry 
(IHC) and most molecular testing methods as most IHC and 
molecular tests are validated for clinical applications on 
FFPE material only. However it should be noted that ancil-
lary studies are feasible on all types of cytologic preparations 
 including liquid-based preparations and smears (for details 
see Chap. 2). ROSE also has the added benefit of providing 
guidance for adequate core biopsies, which are often obtained 
concurrently with FNA in many practice settings [2]. In addi-
tion to enabling precise classification to guide appropriate 
clinical management, molecular tests can also provide prog-
nostic and therapeutic information for several tumor types.

Molecular testing has particularly helpful applications in 
soft tissue and bone pathology and can often allow for more 
efficient work-up of small cytology samples. Molecular tests 
can provide diagnostic confirmation for tumor types present-
ing in the setting of unexpected clinical features, such as 
unusual patient age or sex or tumor site, or when a tumor 
shows uncharacteristic morphologic features or discordant 
immunohistochemical features. Clinical trials may require 
diagnostic molecular confirmation for patient enrollment. 
Many tumor types are associated with important therapeutic 
or prognostic features; for example, patients with GISTs may 
benefit from molecular testing given the correlation between 
response to tyrosine-kinase inhibitor (TKI) therapy and KIT 
mutation type.

 Methods

Many soft tissue and bone neoplasms harbor recurrent 
genetic/molecular alterations, which can be detected by 
numerous methodologies including conventional karyotype 
analysis, fluorescence in situ hybridization (FISH), and 
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sequencing-based assays. Generally, soft tissue and bone neo-
plasms with recurrent alterations have simple cytogenetic 
features that can be targeted for diagnosis and are predomi-
nantly balanced translocations or single-gene mutations. 
There are also sarcomas that harbor complex karyotypes and 
bear no specific immunohistochemical profiles; most of these 
tumor types have pleomorphic morphology and include 
myxofibrosarcoma, pleomorphic liposarcoma, leiomyosar-
coma, and osteosarcoma. The diagnostic utility of  conventional 
karyotype analysis and FISH has been well-established for 
the evaluation of mesenchymal neoplasms [2].

Conventional chromosome analysis by karyotype has long 
been utilized in soft tissue and bone pathology and facilitated 
many of the original discoveries of defining chromosomal 
translocations. Chromosomal karyotype requires allocation 
of fresh material (often needle rinses washed in RPMI); 
tumor cells are grown in culture, arrested in metaphase, 
treated with trypsin, and finally Giemsa-stained for G-banding 
pattern analysis. All chromosomal material is thus evaluated, 
which can identify gross chromosomal abnormalities, but 
lacks resolution for cryptic events. Karyotyping is not avail-
able in all practice settings, as this methodology is timely and 
costly and requires high-level technical skills and expertise 
interpretation.

FISH has high efficacy in cytology samples and can be 
performed on fresh material, cytospins, touch preparations, 
smears, and cell blocks. FISH is employed to detect chromo-
somal translocations and amplifications using targeted DNA 
probes. Break-apart probes for a targeted locus to confirm 
gene rearrangement are most commonly used, although a 
positive result does not provide specific information about 
the fusion variant or type present. Fusion variants can be 
detected using combination probes that target two separate 
gene loci; however results depend on the assay design as 
probe sets are required for each potential fusion partner. 
Break-apart FISH is useful in the diagnosis of tumor types 
that have numerous fusion variants but may present diagnos-
tic pitfalls given the “promiscuity” of certain gene fusions, 
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such as EWSR1 rearrangements being present in a wide spec-
trum of tumor types.

Numerous sequencing-based methods have relevant 
applications in the cytologic diagnosis of soft tissue and 
bone tumors and can be performed on fresh or FFPE mate-
rial, as well as on direct smears. Single-gene sequencing 
analysis can be useful in the diagnosis and prognostication 
of certain tumor types, such as KIT mutations in 
GIST.  Reverse transcription- PCR (RT-PCR) detects spe-
cific fusion variants and types and is advantageous for small 
samples as it does not require tumor DNA enrichment; 
however, RT-PCR results are dependent on probe design. 
Next-generation sequencing (NGS) (e.g., massively parallel 
sequencing) is gaining widespread use and has been estab-
lished to have utility for detecting actionable mutations for 
some diseases, such as lung adenocarcinoma. Most routinely 
used NGS panels are whole exome (RNA-seq) or targeted 
panel (DNA-seq). RNA-seq provides information about 
present structural rearrangements and expression levels and 
has enabled the discovery of novel fusion genes in many 
mesenchymal neoplasms. Targeted panel NGS detects single 
nucleotide variants, and computational approaches allow 
for the estimation of copy number alterations and identifi-
cation for structural rearrangements (albeit with low sensi-
tivity). While NGS may have replaced “low-throughput” 
sequencing tests in some practice settings, no standardized 
diagnostic role for NGS currently exists for soft tissue and 
bone pathology.

 Immunohistochemistry: Differentiation 
Markers and Surrogates for Molecular 
Alterations

IHC has been well-established in diagnostic soft tissue and 
bone pathology for its utility for determining the line of dif-
ferentiation and identifying characteristic immunopheno-
types (including protein correlates of molecular alterations) 
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for soft tissue and bone neoplasms. While traditional markers 
to identify intermediate filament proteins are still commonly 
used, such as keratin for epithelial differentiation and desmin 
for muscle differentiation, numerous lineage-specific markers 
are also available, such as CD31, CD34, and ERG for endo-
thelial; S-100, SOX10, and GFAP for neural crest; and myo-
genin (myf-4) for skeletal muscle differentiation. Table 18.2 
summarizes commonly used differentiation-specific immuno-
histochemical markers. It should be noted that these markers 
only support the line of differentiation, but do not necessarily 
distinguish normal tissue counterparts from neoplastic cells 
or benign from malignant neoplasms. Furthermore, many 
mesenchymal tumors show overlapping patterns of protein 
expression that are not necessarily lineage-specific. Numerous 
soft tissue tumors can show expression of epithelial markers 

Table 18.2 Immunohistochemical markers of differentiation in soft 
tissue and bone tumors
Line of differentiation Immunohistochemical markers
Epithelial Keratin, EMA

Smooth muscle SMA, desmin, caldesmon

Skeletal muscle Desmin, muscle-specific actin, 
myogenin

Endothelial CD34, CD31, ERG

Fibroblastic/
myofibroblastic

CD34±, SMA±, desmin±

Myoepithelial Keratin, EMA, S-100, GFAP, p63 
(40%), SOX10

Nerve sheath S-100, GFAP, SOX10

Perineurial EMA, CD34, claudin-1

Melanocytic S-100, Mart-1, HMB-45, SOX10

Histiocytic CD163, PU.1

Osteoblastic SATB2

Chondroid S-100
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(keratin or EMA), including epithelioid sarcoma, synovial 
sarcoma, and desmoplastic small round cell tumor.

Several diagnostic immunohistochemical markers have 
been developed after identification by gene expression profil-
ing, including MUC4 for low-grade fibromyxoid sarcoma 
(and a subset of genetically related sclerosing epithelioid 
fibrosarcoma) [3, 4], DOG1 for gastrointestinal stromal 
tumor (GIST) [5], and TLE1 for synovial sarcoma [6].

Molecular genetic insights have also facilitated the develop-
ment of antibodies against protein correlates of specific molec-
ular alterations for many tumor types; IHC can detect protein 
products of genetic alterations (such as mutations or fusion 
genes) and is less costly to perform than routine molecular 
testing. Examples include β-catenin expression in desmoid 
fibromatosis secondary to CTNNB1 [7] or APC mutations [8], 
MDM2 for chromosome 12q13-15 amplification in atypical 
lipomatous tumor/well-differentiated liposarcoma and dedif-
ferentiation liposarcoma, STAT6 overexpression secondary to 
NAB2-STAT6 fusion for solitary fibrous tumor [9, 10], and loss 
of retinoblastoma (Rb) expression secondary to 13q rear-
rangements in spindle cell/pleomorphic lipomas, mammary-
type myofibroblastoma, and cellular angiofibroma (three 
tumors that share morphologic and genetic features) [11]. 
Numerous diagnostic markers that identify protein surrogates 
of underlying genetic alterations are available, which are 
included in Table 18.3 and discussed below.

Understanding the expected immunophenotypes, expres-
sion patterns, sensitivity, and specificity for diagnostic mark-
ers is important for accurate interpretation and avoiding 
diagnostic pitfalls. For instance, ERG, a highly sensitive and 
specific marker for endothelial differentiation, can be posi-
tive in up to 40% of epithelioid sarcoma which can be mis-
taken for epithelioid hemangioendothelioma [12]. CD99 
(identified by the monoclonal antibody O13) is often used to 
identify Ewing sarcoma for which a diffuse membranous 
staining pattern is expected. However, many other tumor 
types (including morphologic mimics) show CD99 expres-
sion, often in a  cytoplasmic and/or weaker pattern. While 
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myogenin identifies skeletal muscle differentiation in all sub-
types of rhabdomyosarcoma, diffusely strong nuclear staining 
is characteristic of alveolar rhabdomyosarcoma and distin-
guishes alveolar rhabdomyosarcoma from all other subtypes.

 Application of Ancillary Tests for Common 
Soft Tissue Cytologic Differential Diagnoses

While soft tissue tumors are classified based on the line of 
differentiation, in routine cytopathologic practice, application 
of a pattern-based approach is often helpful in guiding dif-
ferential diagnosis and application of appropriate ancillary 
testing. Most soft tissue neoplasms fall into one of the follow-
ing morphologic patterns: adipocytic, myxoid, spindle, round 
cell, epithelioid, and pleomorphic [13]. Examples of applica-
tion of ancillary testing for specific pattern-based differential 
diagnostic situations are briefly outlined below.

ALT/WDL may need to be distinguished from benign 
lipoma, fat necrosis, or hibernoma. MDM2, CDK4, and 
HMGA2 IHC identify most cases of ALT/WDL. Challenging 
cases can be resolved by MDM2 FISH, and molecular testing 
should be performed before any diagnosis of lipoma is 
assigned to an adipocytic neoplasm located in visceral sites 
(e.g., retroperitoneum or mediastinum) or sized greater than 
10.0 cm in any location.

For hypocellular low-grade myxoid neoplasms with rela-
tively bland spindle cells, the main diagnostic considerations 
are myxoma, perineurioma, and LGFMS.  Perineurioma is 
usually positive for CD34, EMA, and claudin-1, but these 
markers are not entirely specific, especially in limited biopsy 
samples [4]. LGFMS also shows CD34 expression, but MUC4 
is almost universally positive, and FUS FISH can also confirm 
the diagnosis. For cases with increased cytologic atypia, the 
diagnosis of myxofibrosarcoma (or other sarcoma) must be 
considered. For low-grade myxoid tumors showing an adipo-
cytic component, DDIT3 FISH can identify myxoid liposar-
coma, and immunohistochemical Rb loss is helpful for 
spindle cell lipoma.
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Spindle cell neoplasms may be particularly problematic to 
classify on cytology, and diagnostic efforts should focus on 
correct assignment of biologic grade. For low-grade spindle 
cell neoplasms in or near the gastrointestinal tract, most cases 
can be distinguished by IHC using KIT and DOG1 for gas-
trointestinal tumor, S100 for schwannoma, SMA and desmin 
for leiomyoma, and β-catenin for desmoid fibromatosis. 
Across a broader anatomic spectrum, diagnostic consider-
ations for a low-grade spindle cell neoplasm include nodular 
fasciitis (UPS6 fusion), desmoid fibromatosis (SMA and 
β-catenin), IMT (SMA and ALK), and SFT (CD34 and 
STAT6). For high-grade spindle cell sarcomas, an immunohis-
tochemical panel should be applied first and should typically 
address synovial sarcoma (EMA, TLE1), leiomyosarcoma 
(SMA, desmin), MPNST (S-100, SOX10, GFAP, H3K27me3), 
and DDLPS (MDM2, CDK4, HMGA2); relevant molecular 
testing should then be selected based on immunohistochemi-
cal results.

Round cell sarcomas should always first undergo immuno-
histochemical testing using a panel to address a broad differen-
tial diagnosis, including Ewing sarcoma (CD99) and alveolar 
RMS (desmin), and exclusion of melanoma (S-100), carcinoma 
(keratin), and lymphoma (LCA or TdT). Additional immuno-
histochemical studies should be selected based on preliminary 
results and may either confirm a diagnosis (e.g., NKX2.2 and 
EWSR1 FISH for Ewing sarcoma) or pursue additional diag-
nostic considerations, such as TLE1 and SS18 FISH for poorly 
differentiated synovial sarcoma and DDIT3 for high-grade 
myxoid liposarcoma. EWSR1 rearrangements are also charac-
teristic of DSRCT and myoepithelial neoplasms, and sequenc-
ing may be helpful in identifying the fusion partners in 
distinguishing from Ewing sarcoma. The pattern of CD99 
staining should always be carefully examined, and alternative 
diagnoses to Ewing sarcoma should be considered for any 
tumor showing variable staining CD99 (including CIC-
rearranged sarcoma and BCOR-CCNB3 sarcoma).
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Epithelioid tumors may be challenging as carcinoma and 
melanoma are often considered in the differential diagnosis. 
Keratin and S-100 should always be performed, but many 
sarcomas in the differential diagnosis show expression of 
keratin (e.g., epithelioid sarcoma and EHE) and S-100 (e.g., 
clear cell sarcoma of soft tissue). Using a SOX10/keratin 
double stain has been shown to be a focused approach for the 
work-up of an epithelioid neoplasm with a broad differential 
diagnosis including carcinoma, melanoma, and sarcoma with 
an epithelioid pattern [14]. Additional useful immunohisto-
chemical studies include endothelial markers (ERG, CD34, 
CD31) and CAMTA1 for EHE, CD34 and INI1 for epitheli-
oid sarcoma, FOSB for pseudomyogenic hemangioendothe-
lioma [15], HMB-45 and EWSR1 FISH for clear cell sarcoma 
of soft tissue, and TFE3 for ASPS (with confirmatory TFE3 
FISH).

The differential diagnosis for aspirates of pleomorphic 
sarcomas, namely, includes tumors having complex cytoge-
netic profiles, such as myxofibrosarcoma, pleomorphic lipo-
sarcoma, pleomorphic rhabdomyosarcoma, and unclassified 
pleomorphic sarcoma. However, MDM2 and CDK4 IHC 
(and potentially MDM2 FISH) should be performed to iden-
tify DDLPS, which comprise a significant proportion of sar-
comas showing pleomorphic morphology.

 Specific Applications of Molecular 
Diagnostics for Soft Tissue Tumors

The application of ancillary testing for the diagnosis of the 
more commonly encountered soft tissue neoplasms in cyto-
pathologic practice is briefly discussed below; Table  18.3 
provides a more comprehensive reference list of soft tissue 
tumors that may be sampled by FNA and their respective 
immunohistochemical and molecular features.
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 MDM2 Amplification

Atypical lipomatous tumor/well-differentiated liposarcoma 
(ALT/WDL) and dedifferentiated liposarcoma (DDLPS) 
types are characterized by amplification of chromosome 
12q13-15 via giant marker or ring chromosomes; this region 
includes MDM2, CDK4, and HMGA2 [25–28]. Amplification 
of 12q13-15 can be visualized by conventional karyotype, but 
FISH for the MDM2 locus is the most commonly employed 
method to detect amplification. IHC can detect resultant 
nuclear overexpression of MDM2, CDK4, and HGMA2, and 
positivity is sufficiently diagnostic in many scenarios, although 
challenging cases or equivocal staining should be confirmed 
by MDM2 FISH which is considered the most reliable method 
[29–31]. MDM2, CDK4, and HMGA2 IHC are especially use-
ful in distinguishing ALT/WDL from benign lipoma, espe-
cially because some ALT/WDL appear lipoma-like. ALT/
WDL must be completely resected with clear margins given 
its risk for recurrence and dedifferentiation. One major pitfall 
is that histiocytes may express MDM2 [32], which can be prob-
lematic such as in the setting of extensive fat necrosis which 
can mimic ALT. A diagnosis of lipoma for an adipocytic tumor 
sized greater than 10.0 cm and/or located in the body cavities 
(mediastinum, retroperitoneum) requires molecular testing to 
exclude the more likely diagnosis of ALT/WDL.  IHC for 
MDM2, CDK4, and HMGA2 is also useful for the diagnosis 
of DDLPS, which can show a wide range of non-lipogenic and 
lipogenic morphologies [28, 33–35]; DDLPS can show low-
grade spindle morphology or mimic other tumor types (such 
as myxofibrosarcoma), as well as appear completely morpho-
logically indistinct, such as a high-grade pleomorphic sarcoma 
(Fig.  18.1a–c). DDLPS should always be excluded using 
MDM2 and CDK4 IHC for any pleomorphic sarcoma before 
considering other diagnoses, such as myxofibrosarcoma, pleo-
morphic liposarcoma, and unclassified/undifferentiated sar-
coma (all of which are characterized by complex karyotypes), 
especially in the retroperitoneum. It should be noted that 
weak MDM2 expression may be seen in other sarcoma types 
such as malignant peripheral nerve sheath tumor (MPNST) 
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[36]; thus, FISH to confirm MDM2 amplification may be nec-
essary (Fig. 18.1d).

MDM2 gene amplification is also characteristic of intimal 
sarcoma [37–39], parosteal osteosarcoma [40], and central 
low-grade osteosarcoma [41–43]. Association with a vessel 
wall supports intimal sarcoma, and correlation with radiologic 
data is required when considering a primary osseous tumor.

 Tumors with EWSR1 Rearrangement

Rearrangements of EWSR1, a member of the FET (TET) fam-
ily of RNA-binding proteins, are characteristic of numerous 
soft tissue tumors representing a broad range of morphologies, 

a b

c d

Figure 18.1 Dedifferentiated liposarcoma (DDLPS) frequently 
appears as a non-lipogenic pleomorphic sarcoma (a, Diff-Quik 
stained smear; b, H&E cell block section). Immunohistochemistry 
can detect nuclear overexpression of MDM2 (c), and MDM2 FISH 
confirms amplification of chromosome 12q13-15 (d; red MDM2 
probe, green centromeric probe CEP12). (d Courtesy of Paola dal 
Cin, PhD, Brigham and Women’s Hospital, Boston, MA)
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immunophenotypes, and biologic behavior and underscore the 
importance of judicious application of  ancillary testing and 
appropriate interpretation of molecular test results. EWSR1 
FISH is a commonly used diagnostic approach, but a positive 
result is not necessarily diagnostic of one specific entity. 
Sequencing-based methods (such as RT-PCR) to identify the 
specific fusion partners may be required in some contexts. 
Furthermore, FUS is also a FET (TET) family member, and 
EWSR1 and FUS can occasionally substitute for one another 
[44], and FUS testing should be considered if EWSR1 is nega-
tive in this group of tumors.

EWSR1 rearrangements were first recognized in Ewing 
sarcoma, the vast majority of cases harboring the balanced 
translocation t(11;22)(q24;q12), resulting in EWSR1-FLI1 
[45, 46]. FLI1 is a member of the ETS family of transcription 
factors, and fusions involving other ETS family members, 
including ERG, ETV1, ETV4 (EIAF), and FEV [47–50], 
occur in a small subset of Ewing sarcomas. Ewing sarcoma 
appears as a round cell sarcoma, and the diagnosis typically 
requires molecular confirmation, although IHC is employed 
to support the diagnosis and direct molecular testing. Ewing 
sarcoma shows a characteristic strong diffuse membranous 
staining pattern for CD99 (Fig. 18.2a, b); non-specific CD99 
staining is seen in a broad range of morphologic mimics, 
including many other round cell sarcomas and non- 
mesenchymal mimics such as lymphoblastic lymphoma and 
carcinoid tumors, and should be interpreted with caution. 
Additional helpful immunohistochemical are FLI1 (positive 
in up to 70% of cases) and NKX2.2, which have high sensitiv-
ity (93%) but more modest specificity for Ewing sarcoma [51] 
(Fig.  18.2c). ERG is positive in the small subset (~5%) of 
cases that have EWSR1-ERG fusion, which are second most 
common in Ewing sarcoma [47, 52]. FISH for EWSR1 rear-
rangement is a common diagnostic approach (Fig.  18.2d). 
Rare variant fusions with FUS in lieu of EWSR1 also occur 
[53, 54].

Desmoplastic small round cell tumor (DSRCT) is charac-
terized EWSR1-WT1 [55, 56] and may also morphologically 

V. Y. Jo and X. Qian



451

mimic Ewing sarcoma. The clinical presentation of most cases 
arising as an intraabdominal mass in young men is helpful. 
Apart from the identification of the specific fusion gene by 
RT-PCR, identifying the appropriate immunophenotype is 
crucial for interpreting positive FISH results for EWSR1 
rearrangement. DSRCT expresses keratin, EMA, NSE, des-
min (frequently dot-like), and WT1 when using polyclonal 
antibodies to the C-terminus.

Specific EWSR1 fusion variants are shared by some 
tumor types. Clear cell sarcoma of soft tissue is an epitheli-
oid neoplasm showing melanocytic differentiation and is 
positive for S-100, HMB-45, and MiTF.  Most tumors have 

a b

c d

Figure 18.2 Ewing sarcoma is a round cell sarcoma (a, Diff-Quik 
stained smear) that requires ancillary testing for accurate classifica-
tion. Strong diffuse membranous staining for CD99 is characteristic 
of Ewing sarcoma (b). Nuclear expression of NKX2.2 is highly sensi-
tive, but only modestly specific, for Ewing sarcoma (c). FISH analy-
sis detects EWSR1 rearrangement, with separate green, telomeric 
EWSR1 and red, centromeric EWSR1 signals (d). (d, Courtesy of 
Sheng Xiao, PhD, Brigham and Women’s Hospital, Boston, MA)
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EWSR1-ATF1 fusions, and a small subset have EWSR1-
CREB1 [57]. Clear cell sarcoma-like tumor of the gastroin-
testinal tract (CCLTGT) also harbors EWSR1-CREB1 and 
EWSR1-ATF1 fusions and is also positive for S-100 but dif-
fers from clear cell sarcoma of soft tissue by being negative 
for melanocytic markers (HMB-45, MelanA) and showing 
solid growth and osteoclast-like giant cells [58, 59]; some 
authors have proposed the alternate terminology “malig-
nant gastrointestinal neuroectodermal tumor” [60]. Identical 
EWSR1-ATF1 and EWSR1-CREB1 fusions are present in 
angiomatoid fibrous histiocytoma, the latter being present 
in >90% of cases [61]. Angiomatoid fibrous histiocytoma 
shows varying spindle cell histiocytic and small cell mor-
phology and is positive for desmin and EMA as well as 
CD99; some cases with small cell morphology may thus be 
mistaken for Ewing sarcoma in small samples without a full 
immunohistochemical panel [62].

Other rare tumors with EWSR1 rearrangements include 
extraskeletal myxoid chondrosarcoma (EMCS) and myo-
epithelial neoplasms of soft tissue and bone. EMCS (which 
notably does not show convincing cartilaginous differentia-
tion) has either EWSR1-NR4A3 or TAF15-NR4A3 fusions 
[63, 64], and FISH probes for NR4A3 are available and 
more specific for EMCS [65]. EMCS lacks a specific immu-
nophenotype other than S-100 positivity in 20% of cases 
but shares morphologic features with myoepithelial neo-
plasms of soft tissue which also harbors EWSR1 rearrange-
ment. Soft tissue myoepithelioma and myoepithelial 
carcinoma (the latter defined by cytologic atypia) show 
varying positivity for pan-keratin, EMA, S-100, GFAP, and 
p63 [66]. A subset of myoepithelial neoplasms show an 
undifferentiated round cell morphology, most frequently in 
children [67], and EWSR1 FISH results alone may be mis-
leading for Ewing sarcoma. A heterogeneous group of 
fusion partners have been identified, including POU5F1, 
PBX1, and ZNF444, as well as variant fusion genes with 
FUS [68–75].
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 Tumors with FUS Rearrangement

Similarly to EWSR1 rearrangements, FUS rearrangements 
characterize several diverse soft tissue neoplasms. 
Furthermore, as described earlier, variant fusions involving 
EWSR1 in lieu of FUS may occur, and EWSR1 testing may be 
helpful in the absence of FUS rearrangement.

Myxoid liposarcoma is characterized by FUS-DDIT3 
[76]; this tumor has several characteristic morphologic fea-
tures (Fig. 18.3a) but otherwise has no specific immunophe-
notype, and many cases require molecular confirmation for 
diagnosis, especially for high-grade tumors which are hyper-
cellular and may appear as round cell sarcomas. While FUS 
FISH is available, many laboratories employ DDIT3 FISH, 
which is more specific for myxoid liposarcoma, which also 
detects the small subset having alternate EWSR1-DDIT3 
fusions [77, 78] (Fig. 18.3b).

LGFMS harbors translocations of FUS, most commonly 
with fusion partners CREB3L2 or CREB3L1 [79–81]. As 
mentioned previously, cytoplasmic staining for MUC4 is a 

a b

Figure 18.3 Myxoid liposarcoma showing the characteristic fea-
tures of abundant myxoid stroma with uniform ovoid-to-round 
tumor cells, delicate branching capillaries, and small lipoblasts (a, 
Diff-Quik stained smear). Tumors harbor FUS-DDIT3 fusions, 
which can be detected by FISH for DDIT3 (b; green telomeric 
DDIT3, red centromeric DDIT3). (b, Courtesy of Adrian Dubuc, 
PhD, Brigham and Women’s Hospital, Boston, MA)
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highly sensitive and specific marker for LGFMS [3], which 
can be especially useful in cytology samples as LGFMS may 
be challenging to distinguish from other low-grade myxoid 
lesions, such as myxoma and soft tissue perineurioma [4].

A subset of sclerosing epithelioid fibrosarcoma shares the 
same FUS-CREB3L1 translocation as LGFMS [3, 81, 82], and 
subset of tumors with hybrid features of LGFMS and scleros-
ing epithelioid fibrosarcoma are known to occur. Not surpris-
ingly given the shared morphologic and genetic features, 
MUC4 is also positive in up to 70% of cases [3].

 Gastrointestinal Stromal Tumors  
(Including SDH- Deficient Tumors)

Gastrointestinal stromal tumor (GIST) harbors KIT muta-
tions in 80% of cases; exon 11 mutations are most common 
(80%), followed by exon 9 (11%); PDGFRA mutations occur 
in 10–15% [83]. Most GISTs appear as low-grade spindle cell 
neoplasms, though 30% show mixed spindle and epithelioid 
or epithelioid-predominant morphology. GISTs with KIT 
exon 11 mutations are sensitive to the tyrosine kinase inhibi-
tor (TKI) imatinib, the first-line therapy for GIST. KIT 
sequencing may be helpful for GISTs showing histologic 
responses to imatinib treatment (including shift to epithelioid 
morphology, increased pleomorphism, or heterologous rhab-
domyosarcomatous differentiation) but also may be thera-
peutically relevant. Tumors with exon 9 mutations are less 
sensitive to imatinib and typically require higher doses, and 
the most common PDGFRA mutation (exon 18; D842V) 
renders tumors unresponsive to imatinib. Other rare altera-
tions among KIT “wild-type” GISTs are BRAF V600E and 
association with neurofibromatosis type 1. Mutational testing 
is also helpful diagnostically for the rare GISTs (~2%) that 
are negative for both KIT and DOG1 IHC [84].

Most GISTs (95%) show KIT immunoreactivity in a dif-
fuse cytoplasmic or occasionally membranous and dot-like 
(Golgi) patterns, regardless of KIT mutation status. Most 
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KIT-negative GISTS are PDGFRA-mutant tumors that arise 
in the stomach and show epithelioid morphology and myxoid 
stroma [85]. DOG1 is a highly sensitive and specific marker 
for GIST and is positive in up to 30% of KIT-negative GISTs 
[86, 87]. DOG1 also shows more robust staining than KIT in 
cytology samples of GIST fixed in methanol-based solutions, 
such as CytoLyt [5].

Succinate dehydrogenase (SDH)-deficient GIST is an 
important clinicopathologic variant and comprises nearly 
half of all “wild-type” GISTs including pediatric GISTs, spo-
radic adult “wild-type” GISTs, and GISTs associated with 
Carney triad or Carney-Stratakis syndrome [88–90]. These 
tumors arise nearly exclusive in the stomach and show pre-
dominantly epithelioid morphology and a distinctive multi-
nodular growth pattern through the gastric wall. Despite 
lacking KIT mutations, SDH-deficient GISTs strongly express 
both KIT and DOG1. The tetrameric SDH complex is com-
prised of four subunits SDHA, SDHB, SDHC, or SDHD, and 
mutation of any of the coding genes for the four subunits (or 
other mechanisms such as epigenetic events) causes dysfunc-
tion of the entire SDH complex. SDH deficiency can be iden-
tified by IHC for SDHB, which is ubiquitously expressed in 
normal tissue [91, 92]. The loss of SDHB expression in tumor 
cells indicates SDH deficiency but is not specific for the 
mechanism of SDH dysfunction. SDHA IHC should be per-
formed if SDHB expression is lost, and the loss of SDHA 
expression correlates with SDHA mutations (accounting for 
30% of SDH-deficient GISTs) [93, 94]. SDH-deficient GISTs 
differ from conventional KIT-mutant GISTs by showing fre-
quent vascular invasion and nodal and distant metastases; 
their biologic behavior cannot be predicted using conven-
tional NCCN risk stratification, and tumors follow an overall 
indolent course despite the propensity for metastases [95]. 
SDH-deficient GISTs are not responsive to imatinib and 
typically require second- and third-generation TKI therapy 
(sunitinib, sorafenib, dasatinib). Patients diagnosed with 
SDH-deficient GIST are referred for genetic counseling and 
often undergo germline mutational testing given several 
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 syndromic associations. GIST may arise in the setting of the 
autosomal dominant Carney-Stratakis syndrome; these 
patients have germline SDH mutations and also develop 
paragangliomas [96]. Carney triad syndrome (GIST, paragan-
glioma, pulmonary chondroma) is nonhereditary; most 
affected patients are female and are associated with SDHC 
promoter hypermethylation [97]. SDHB IHC should be used 
to screen for SDH deficiency in gastric GISTs with epitheli-
oid morphology, as well as metastatic GISTs in young 
patients.

 Molecular Alterations in Selected Other Soft Tissue 
Tumor Types

Synovial sarcoma appears as a spindle cell sarcoma, either as 
monophasic (exclusively spindle cell morphology) or bipha-
sic with epithelial differentiation (Fig.  18.4a); there is no 
prognostic significance between these two subtypes. Both 
spindle cell and epithelial components express EMA and 
keratin. Tumors show diffuse nuclear staining for TLE1, 

a b

Figure 18.4 Synovial sarcoma yields cellular smears of uniform 
spindle cells that are singly dispersed and arranged in clusters with 
thin branching capillaries (a, Diff-Quik stained smear). TLE1 immu-
nohistochemistry is a useful diagnostic marker, and most cases of 
synovial sarcoma show diffuse nuclear staining (b); however, speci-
ficity is more modest and SS18 FISH may be necessary in challeng-
ing cases
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which is highly sensitive but more modestly specific 
(Fig.  18.4b) but is helpful in the differential diagnosis of 
spindle cell sarcomas. Synovial sarcoma harbors SS18-SSX 
fusions, with fusion of SS18 to SSX1 or SSX2 (and rarely, 
SSX4). SS18 FISH or sequencing can identify SS18 rear-
rangement or present fusion variants, respectively. Of note, 
10% of synovial sarcomas are poorly differentiated and 
appear as either a round cell or epithelioid sarcoma, for 
which molecular testing may be necessary for diagnosis [98].

Rhabdomyosarcoma (RMS) encompasses embryonal, 
alveolar, spindle cell/sclerosing, and pleomorphic subtypes. 
Accurate classification is important for appropriate clinical 
management as patients are treated with subtype-specific 
regiments. All RMS subtypes show desmin and myogenin 
(myogenic factor 4, myf4) expression; however, alveolar RMS 
(a round cell sarcoma) characteristically shows diffuse nuclear 
staining for myogenin that allows distinction from other sub-
types. Alveolar RMS harbors PAX3-FOXO1 and PAX7- 
FOXO1 fusions [99, 100], which can be identified by RT-PCR; 
FOXO1 FISH is also commonly employed. Spindle cell/scle-
rosing RMS are characterized by MyoD1 L122R mutations, 
and tumors show diffuse nuclear staining for MyoD1 IHC 
which is helpful in distinguishing spindle cell RMS from other 
spindle cell sarcomas [101–103]. A rare subset of congenital/
infantile spindle cell RMS has recurrent NCOA2 and VGLL2 
rearrangements [104, 105]. There are no specific diagnostic 
features for embryonal and pleomorphic RMS subtypes. 
Pleomorphic RMS shows a complex karytyope; embryonal 
RMS has FGFR4 and RAS mutations and non-specific fea-
tures of loss of heterozygosity of 11p15 and trisomies of chro-
mosomes 2, 8, and 20 [106, 107].

Solitary fibrous tumor (SFT) is characterized by NAB2- 
STAT6 fusion resulting from an intrachromosomal rearrange-
ment on 12q13 [108, 109]. The two involved genes are located 
in close proximity such that the rearrangement cannot be 
detected by conventional karyotype analysis or FISH and 
require sequencing for detection. Resultant nuclear STAT6 
overexpression can be detected by IHC, and STAT6 is highly 
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sensitive and specific for SFT [9, 10, 110] and is often used in 
combination with CD34, which is positive in most SFTs but 
not specific.

Dermatofibrosarcoma protuberan (DFSP) may be a cyto-
morphologic mimic of SFT and shows CD34 expression but 
is negative for STAT6. DFSP harbors COL1A1-PDGFB 
fusion [111–113], and PDGFRB FISH can be helpful for chal-
lenging cases or for cases showing fibrosarcomatous differen-
tiation, which appear as an indistinct spindle cell sarcoma.

ALK rearrangements are present in up to half of all cases 
of inflammatory fibroblastic tumor (IMT); these fusions 
involve a heterogeneous group of partners (including TPM3, 
TPM4, CLTC, and RANBP2), and localization of the ALK 
immunohistochemical expression appears to reflect the func-
tion of the involved fusion partner and is most commonly 
cytoplasmic (for instance, TPM3 and TPM4 are cytoplasmic 
proteins) [114, 115]. The epithelioid variant of IMT harbors 
ALK-RANBP2 and shows a nuclear membranous staining 
pattern for ALK as RANBP2 is a nuclear pore protein [116, 
117]. Epithelioid IMT also expresses CD30 and desmin which 
may pose diagnostic pitfalls; accurate classification is impor-
tant as epithelioid IMT represents an aggressive subtype.

Epithelioid sarcoma (classified as either conventional dis-
tal and proximal subtypes) has SMARCB1 alterations [118–
120]. Secondary loss of INI1 expression can be detected by 
IHC; furthermore, epithelioid sarcoma expresses EMA and 
keratin, and CD34 is positive in half of all cases. There are 
numerous diagnostic pitfalls. Tumors may be mistaken for 
carcinoma if only EMA and keratin are performed [118, 121], 
and a subset express ERG which may be confused for an 
epithelioid vascular neoplasm. Loss of INI1 expression also 
occurs in many other tumor types, including malignant rhab-
doid tumor, renal medullary carcinoma, and many tumors 
with EWSR1 rearrangement due to function loss of material 
on chromosome 22q (such as myoepithelial neoplasms of soft 
tissue) [122]; thus, clinical correlation and an inclusive immu-
nohistochemical panel are often required for accurate 
diagnosis.
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Epithelioid hemangioendothelioma (EHE) harbors 
CAMTA1-WWTR1 [123]. Endothelial differentiation can be 
identified using IHC for ERG, CD31, and CD34. Nuclear 
CAMTA1 expression is highly sensitive and specific for EHE 
and distinguishes EHE from other vascular tumors and other 
mimics, including epithelioid sarcoma (which may be ERG- 
positive) [124] (Fig. 18.5). CAMTA1 is especially helpful as 
30% of EHE are positive for keratin or EMA, which are also 
positive in mimics such as epithelioid sarcoma and epithelioid 
angiosarcoma.

Several tumor types have TFE3 fusions that can be 
detected by TFE3 FISH or IHC for resultant nuclear TFE3 
overexpression. YAP1-TFE3 fusions characterize a subset of 
EHE showing vasoformative features [125]. Alveolar soft 
part sarcoma (ASPS) harbors ASPSCR1-TFE3, and TFE3 
IHC and TFE3 FISH are helpful diagnostic adjuncts as ASPS 
shows indistinct epithelioid morphology in cytology samples. 
TFE3 expression is also seen in the benign neoplasm granular 
cell tumor, a cytomorphologic mimic of ASPS; however 
granular cell tumor lacks TFE3 rearrangements [126, 127]. 
Granular cell tumors express S-100 and SOX10, which are 
negative in ASPS. TFE3 fusions are also present in a subset of 
PEComas, and IHC can demonstrate myoid and  melanocytic 

a b

Figure 18.5 Epithelioid hemangioendothelioma (EHE) is com-
prised of singly dispersed epithelioid and polygonal cells with large 
nuclei (often eccentrically placed or binucleated) and abundant 
cytoplasm (a, Diff-Quik stained smear). Immunohistochemistry for 
CAMTA1 is highly sensitive and specific for EHE (b)
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differentiation in these tumors in addition to nuclear TFE3 
expression [128, 129].

Among undifferentiated/unclassified sarcomas, rare 
molecular “subsets” of round cell sarcomas (often previously 
classified as “atypical” or “variant” Ewing sarcoma) have 
been recognized, including CIC-rearranged sarcoma [130–
133] and BCOR-CCNB3 sarcoma [134–137]. CIC-rearranged 
sarcoma and BCOR-CCNB3 sarcoma show variable (often 
negative) CD99 expression and more readily show increased 
cytologic atypia, distinctive nucleoli, increased cytoplasm, 
spindle cell morphology, myxoid stroma, and necrosis (which 
are features uncharacteristic of Ewing sarcoma) [138]. These 
sarcomas are more readily diagnosed by sequencing-based 
methods or FISH and should be considered after exclusion of 
Ewing sarcoma and other round cell sarcomas. The most com-
mon fusion in CIC-rearranged sarcoma is CIC-DUX4, which 
can be detected by CIC FISH. IHC is often helpful in select-
ing cases for molecular testing. CIC-rearranged sarcoma 
shows frequent nuclear positivity for WT1 and ETV4 [139–
141]. BCOR-CCNB3 sarcoma shows nuclear BCOR and 
CCNB3 expression, and frequent positivity for SATB2, 
TLE1, and cyclinD1 [142, 143], though owing to its rarity most 
cases undergo confirmation by molecular testing.

Some tumors are characterized by single-gene mutations 
that can be detected by both sequencing-based methods and 
immunohistochemical correlates, including desmoid fibro-
matosis and malignant peripheral nerve sheath tumor 
(MPNST). Desmoid fibromatosis includes sporadic tumors 
typically having CTNNB1 mutations [7] or tumors with 
APC mutations that arise in association with Gardner syn-
drome (familial adenomatous polyposis) [8]. Nuclear 
β-catenin accumulation occurs secondary to either of these 
mutations and can be detected by IHC (Fig. 18.6), although 
only 80% of desmoid tumors are positive [144, 145]. SMA 
expression is variable; if β-catenin is negative, the diagnosis 
can be supported by appropriate clinical and morphologic 
features, and molecular testing may be performed in certain 
circumstances.
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MPNST, which may be sporadic or arise in association with 
radiation or neurofibromatosis I, is notoriously challenging to 
diagnose as most cases show limited (if any) expression of 
neural markers S100, SOX10, and GFAP. A subset of MPNST 
have mutations in SUZ12 and EED1, which encode compo-
nents of the polycomb repressor complex 2 (PRC2) [146, 147]; 
these alterations seem to be a marker of progression and are 
most commonly present in morphologically high-grade 
tumors. Dysregulation of PRC2 leads to the loss of trimethyl-
ation of the histone H3 at lysine 27, which can be detected by 
IHC using H3K27me3 [148–152]. However, there are some 
limitations to the diagnostic utility of H3K27me3, as loss is 
not seen in all MPNSTs and its specificity is modest, with 
H3K27me3 loss being observed in other tumor types includ-
ing synovial sarcoma and DDLPS [151, 152].

It should be noted that many soft tissue tumors have 
straightforward diagnostic features and do not require 
molecular testing but may be subject to incidental identifica-
tion with the increasing use of NGS.  Examples include 
detection of USP6-MYH9 fusion in nodular fasciitis [153], 
GNAS1 mutations in myxoma [154, 155], PRKAR1A muta-
tions in superficial angiomyxoma of Carney complex [156, 
157], and CSF1-COL6A3 fusion in tenosynovial giant cell 
tumor [158, 159].

a b

Figure 18.6 Desmoid fibromatosis comprised of fascicles of bland- 
appearing spindle cells within a dense collagenous stroma (a, Diff- 
Quik stained smear). Nuclear overexpression of β-catenin is a useful 
diagnostic feature (b)
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 Specific Applications of Molecular 
Diagnostics for Bone Tumors

In recent years, there has been remarkable progress in the 
discovery of molecular alterations in bone tumors, which has 
not only broadened our understanding of the pathogenesis of 
many bone tumors but also provided us novel diagnostic 
tools [160, 161]. An FNA sample with intact genetic material 
is particularly advantageous for bone tumors as it does not 
require decalcification, a routine tissue process for FFPE 
bone sections. Decalcification with harsh acid solutions dam-
ages DNA or RNA and compromises most molecular tests 
including sequencing, and FISH [162], although decalcifica-
tion using chelating agents such as EDTA has shown better 
success for molecular testing. From a genetic perspective, 
bone tumors, like soft tissue tumors, can be divided into three 
categories: (a) tumors with point mutations or amplifications, 
(b) tumors with recurrent translocations or fusion genes, and 
(c) sarcomas with complex genomic profiles. Aggressive sar-
comas such as conventional osteosarcoma and angiosarcoma 
are examples of the last category, where current molecular 
genetic testing is not diagnostically helpful due to the pres-
ence of inconsistent, non-specific molecular alterations [163]. 
Therefore, the entities in the first two categories are discussed 
below with an emphasis on clinical relevance.

Molecular alterations and related diagnostic immunohis-
tochemical markers of selected bone tumors are summarized 
in Table 18.4.

 Bone Tumors with Point Mutations or 
Amplifications

 H3.3 Mutations in Chondroblastoma and Giant Cell 
Tumor of Bone

The differential diagnosis of many giant cell-rich tumors, 
especially in needle biopsy samples, can be very challenging 
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Table 18.4 Molecular alterations and associated immunohisto-
chemistry of selected bone tumors

Tumor
Molecular 
alteration

Immunohistochemistry

Tumors with point mutations or amplifications

Giant cell tumor of 
bone

H3F3A G34W/
V/R/L mutations

Mutation-specific IHC 
G34W

Chondroblastoma H3F3B K36M 
mutations

Mutation-specific IHC 
K36M

Enchondroma
Chondrosarcomas

Somatic IDH1 
and IDH2 
mutations

N/A

Langerhans cell 
histiocytosis

BRAF V600E BRAF V600E, 
CyclinD1

Low-grade 
osteosarcomas
Parosteal 
osteosarcoma
Low-grade central 
osteosarcoma

12q13–15 
amplification

MDM2, CDK4

Chordoma

Poorly 
differentiated/
pediatric variant

Germline 
duplication/
somatic 
amplification of T
Deletions at 
SMARCB1/INI- 1 
locus

Brachyury

Loss of INI1 expression

Tumors with recurrent translocations

Aneurysmal bone 
cyst

CDH11-USP6 N/A

Mesenchymal 
chondrosarcoma

HEY1-NCOA2 N/A
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due to significant morphologic and radiologic overlap [164–
166]. Traditionally, correlation of morphology with clinical, 
radiologic, and laboratory findings is the only way to establish 
a correct diagnosis [167]. Now molecular testing and even 
better surrogate IHC can aid in difficult differential diagnosis, 
especially in settings where tumors arise in unusual anatomic 
sites and/or show atypical morphologic features [168].

Recently, highly recurrent somatic driver mutations in two 
genes, H3F3A (located at 1q42.12) and H3F3B (located at 
17q25.1), have been identified in 92% of giant cell tumor 
(GCT) of the bone and in 95% of chondroblastomas, respec-
tively [169]. Both H3F3A and H3F3B encode replication- 
independent histone H3.3 proteins with an identical amino 
acid sequence. In GCT of bone, H3F3A G34W mutations are 
most common (85% to 95%), but alternate G34V, G34R, and 
G34L mutations have been reported in a subset of cases 
[169–172]. Chondroblastomas harbor K36M mutations in 
>90% of cases, resulting from H3F3B mutations and rarely 
from H3F3A mutations [169, 172]. These mutations are not 
present in many other giant cell-containing bone tumors that 
frequently enter the morphologic differential diagnosis of 
GCT of bone and/or chondroblastoma, which includes solid 
aneurysmal bone cysts, non-ossifying fibromas, chondromyx-
oid fibromas, giant cell reparative granulomas, brown tumor 
of hyperparathyroidism, GCT of Paget disease, and giant cell- 
rich osteosarcomas [172, 173].

Using monoclonal antibodies directed against the mutant 
H3.3 G34W and H3.3 K36M proteins, mutation-specific IHC 
has been shown to be highly specific and sensitive for the 
diagnosis of GCT of bone and chondroblastoma, respectively, 
on both surgical resections and FNA/core biopsy samples 
[173–175]. H3F3A and H3F3B mutations as well as the result-
ing mutant H3.3 G34W and H3.3 K36M proteins are restricted 
to the mononuclear stromal cell population [174–176] 
(Fig. 18.7). Because of the admixed large population of non-
neoplastic multinucleated giant cells and their mononuclear 
precursors in GCT of bone and chondroblastoma, the 
sensitivity of detecting these mutations depends on the 
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sequencing methods and ranges from 69% for Sanger 
sequencing to 96% for targeted highly parallel sequencing 
[170, 171, 177, 178]. However, mutation-specific IHC can 
detect just a few clusters of neoplastic cells on cell block sec-
tions, and on even otherwise nondiagnostic samples [174]. 
Undetected by G34W IHC, alternate H3F3A mutations, 
namely, H3.3 G34V, G34R, or G34L, account for H3 G34W 
IHC negativity in a subset of GCT of bone cases [173]. In 
such settings, mutation analysis as well as other mutation- 
specific markers such as antibodies against H3 G34R or 
G34V would be helpful [173]. The specificity of these 

a b

c d

Figure 18.7 Giant cell tumor of bone on an aspirate (a, Diff-Quik 
stain) showing a cellular smear with cohesive clusters of spindled to 
oval  cells admixed with many multinucleate giant cells. 
Immunohistochemistry for H3G34W (b) on cell block highlights the 
nuclei of the neoplastic mononucleate stromal cells. The multinucle-
ate giant cells and their precursor cells are negative. Chondroblastoma 
on an aspirate (c, Papanicolaou stain) showing clusters and single 
chondroblasts with nuclear grooves. Scattered multinucleate giant 
cells are also present. Immunohistochemistry for H3K36M (d) on 
cell block highlights the nuclei of chondroblasts only
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mutation- specific antibodies has been proven high, so it is 
extremely helpful in small biopsy samples to distinguish 
chondroblastoma from rare cases of chondroblastoma-like 
osteosarcoma and GCT of bone from its benign and malig-
nant mimics [173–176].

 Isocitrate Dehydrogenenase (IDH1/2) Gene 
Mutations in Cartilage-Forming Tumors

Cartilage-forming tumors form a clinical and histologic spec-
trum ranging from benign (enchondroma, osteochondroma, 
periosteal chondroma) to intermediate (atypical cartilagi-
nous tumor/chondrosarcoma grade 1) to malignant (chondro-
sarcoma, grades 2 and 3, dedifferentiated chondrosarcoma) 
[1]. A multidisciplinary approach with close histo-radiologic 
correlation is of paramount importance for a correct diagno-
sis. It is well known now that there is a variable prevalence of 
point mutations in isocitrate dehydrogenenase (IDH1/2) 
genes in a variant of benign and malignant cartilage-forming 
tumors, including enchondroma (about 40% in solitary 
lesions, 87% in syndromic multiple lesions), conventional 
central chondrosarcomas, grades 1–3 (38–70%), periosteal 
chondrosarcoma (variable), and dedifferentiated chondrosar-
coma (50–60%). Hot-spot mutations are found at the IDH1 
R132 and the IDH2 R172 positions [179, 180]. Additional 
genetic alterations in chondrosarcomas identified by NGS 
include mutations in COL2A1 gene and aberrations in the 
p53 and Rb pathways [181].

Because of the low frequency and vast diversity in the vari-
ants of IDH1/2 mutations, mutation-specific IHC is less useful 
in cartilage-forming tumors. Direct sequencing is the test of 
choice to increase diagnostic accuracy in addition to traditional 
histo-radiologic correlation [179]. Despite being incapable of 
distinguishing conventional low-grade chondrosarcomas from 
benign chondroid neoplasms, detection of IDH1/2 mutations 
has proven value in separating chondrosarcomas from chondro-
blastic osteosarcomas and dedifferentiated chondrosarcomas 
from undifferentiated pleomorphic sarcomas of bone [182, 183].
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 BRAF V600E Mutation in Langerhans Cell 
Histiocytosis

Langerhans cell histiocytosis (LCH) is a clonal proliferation 
of Langerhans cells which can form mass lesions in the bone, 
skin, and lung. LCH may need to be distinguished from 
Rosai-Dorfman disease, reactive lymphoid hyperplasia, and 
Hodgkin lymphoma in bone [164]. It has been shown that the 
lesional Langerhans cells contain BRAF V600E mutation in 
about 57% of cases, which can be detected by mutation- 
specific IHC and molecular testing [184]. BRAF V600E 
mutations result in the activation of the mitogen-activated 
protein kinase (MAPK) pathway. Most recently, overexpres-
sion of cyclin D1, a downstream target of MAPK pathway 
activation, has been demonstrated in Langerhans cell histio-
cytosis by IHC [185].

 MDM2 Amplification in Low-Grade Osteosarcomas

Low-grade surface and central osteosarcomas, namely, paros-
teal osteosarcoma and low-grade central osteosarcoma, are 
characterized genetically by amplification of chromosome 
12q13-15 via supernumerary ring chromosomes, resulting in 
gain or amplification of MDM2 and CDK4 genes [186]. Like 
ALT/WDL/DDLPS in soft tissue, amplification of 12q13-15 
can be detected by FISH for the MDM2 locus and/or by sur-
rogate IHC showing nuclear overexpression of MDM2 pro-
tein [41]. Histologically, both low-grade osteosarcomas are 
characterized by the presence of parallel-arranged trabeculae 
of woven or lamellar bone, surrounded by moderately cellu-
lar fibroblastic-type spindle cells. A cartilaginous component 
of parosteal osteosarcoma is sometimes present as a cap cov-
ering the periphery of the tumor [187]. Because of the bland 
morphology, low-grade osteosarcomas can be easily mistaken 
for its benign mimics such as fibrous dysplasia, myositis 
 ossificans, and rarely osteochondroma, especially in small 
needle biopsies. Detection of MDM2 amplification by either 
FISH or IHC for MDM2 and CDK4 can be therefore useful 

Chapter 18. Molecular Diagnostics in Bone/Soft Tissue Cytology



468

in distinguishing low-grade osteosarcomas from benign fibro- 
osseous lesions [41].

 T (Brachyury) Duplication/Amplification 
in Chordoma

Chordoma is a malignant neoplasm of notochordal differen-
tiation and characterized by axial skeletal location and typi-
cal cytomorphology of physaliferous cells within a myxoid 
background [164]. Brachyury (gene product of T) is an 
important transcription factor in notochord differentiation 
[188] and a sensitive and specific marker of notochordal 
tumors including more recently recognized benign noto-
chordal cell tumor (BNCT), and even in small biopsies [189]. 
Recent NGS studies not only have confirmed the presence of 
T (Brachyury) duplication/amplification in a small fraction of 
chordoma cases but also identified molecular alterations 
involving the elements in the P13K signaling pathway and 
chromatin modeling [190]. Interestingly, deletions at the 
SMARCB1 (INI1) locus, with associated loss of INI1 nuclear 
expression, commonly seen in malignant rhabdoid tumor and 
epithelioid sarcoma, have recently been demonstrated in a 
subset of pediatric chordoma cases with a poorly differenti-
ated histology [191, 192].

 Bone Tumors with Recurrent Translocations

Aneurysmal bone cyst (ABC) is a benign but locally 
destructive multicystic lesion of the bone. Histologically, it is 
characterized by blood-filled spaces surrounded by septa of 
bland spindle cells and osteoclastic-like giant cells [167]. 
Diagnosing ABC on FNA is particularly problematic due to 
the high insufficient rate and non-specific cytomorphology 
with a very broad differential diagnosis including many 
giant cell-rich neoplasms and telangiectatic osteosarcoma 
[193]. The majority of primary ABCs harbor a t(16;17) trans-
lation [194], resulting in a fusion transcript CDH11-USP6, 
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which does not result in a fusion protein and instead leads 
to constitutive activation of USP6 under the control of the 
CDH11 promoter [195]. Many other fusion partners (OMD, 
COL1A1, ZNF9, TRAP) identified so far function in a simi-
lar manner [196]. FISH with break-apart probes for USP6 
can detect all fusion transcript variants in ABCs, which may 
be helpful in distinguishing ABC from telangiectatic osteo-
sarcoma. However, the caveat is that USP6 rearrangement 
is only present in neoplastic stromal cells, the fraction of 
which in ABCs ranges from 8% to 82%; a negative 
FISH  result therefore may not necessarily exclude ABC 
diagnosis [197].

Mesenchymal chondrosarcoma is characterized geneti-
cally by HEY1-NCOA2 fusion and morphologically by a 
bimorphic pattern composed of a well-differentiated carti-
lage component and a primitive round cell component [179]. 
In small biopsies, both components are not always present; 
either the primitive round cell component or the cartilagi-
nous element may lead to misinterpretation, making the dis-
tinction from Ewing sarcoma or chondroblastic osteosarcoma/
chondrosarcoma difficult. Identification of HEY1-NCOA2 
fusion either by FISH using HEY1 or NCOA2 probes or by 
RT-PCR detecting the fusion transcripts can be diagnostically 
useful [198].

The application of molecular testing in several other pri-
mary bone tumors with recurrent translocations, namely, 
Ewing sarcoma, round cell sarcomas with CIC-DUX4 or 
BCOR-CCNB3, EHE, and myoepithelioma, is discussed in 
the soft tissue tumor section in this chapter.

 Summary

The numerous advances in understanding the molecular fea-
tures of tumors of soft tissue and bone have facilitated the 
development of many useful ancillary tests and have greatly 
enhanced our abilities to make definitive diagnoses on 
cytology samples. Diagnosis requires integration of 
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morphologic, clinical, and radiographic features with relevant 
immunohistochemical and molecular tests. Although IHC, 
FISH, and sequencing assays can all be performed on all cyto-
logic preparations, ROSE can be helpful to ensure specimen 
adequacy and to triage material for cell block preparation, 
which is the preferred substrate for ancillary testing. Most 
diagnostic work-ups of soft tissue and bone tumors begin 
with IHC to narrow the differential diagnosis, identify the 
line of differentiation, and confirm characteristic immuno-
phenotypes to then guide the selection of relevant molecular 
tests; for many tumor types, there are diagnostic immuno-
markers for protein correlates of underlying molecular 
alterations. For soft tissue tumors that harbor recurrent chro-
mosomal rearrangements of gene amplifications, FISH is 
often useful although not specific for fusion gene type. 
RT-PCR and other sequencing-based methods can identify 
specific fusion genes, which may be helpful given that many 
tumor types can share common gene rearrangements, such as 
EWSR1. The cytopathologist should be aware that ancillary 
testing still poses many diagnostic pitfalls, as many tumor 
types share immunohistochemical and genetic features and 
no one single marker is perfectly sensitive and specific, which 
may pose numerous diagnostic pitfalls. Lastly, there have 
been rapid advances in NGS technologies which have played 
a large role in tumor discovery and may have potential diag-
nostic and clinical applications in the future.
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LCH Langerhans cell histiocytosis
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NGS Next-generation sequencing
PCR Polymerase chain reaction
PTC Papillary thyroid carcinoma
RPMI Roswell Park Memorial Institute

 Introduction

Childhood cancer is rare, with an estimated 10,000 cases diag-
nosed each year in the United States [1]. An estimated 1190 
children will die from their disease each year, and death rates 
of childhood cancer have declined by nearly 70% in the past 

Key Points

• The clinical context such as patient age, gender, 
biopsy location, family history, and presentation can 
greatly help guide your diagnostic workup, particu-
larly in pediatric pathology

• Although collecting material for ancillary testing 
(FISH, cytogenetics, NGS) is suggested for nearly all 
pediatric tumors, it is essential to first obtain ade-
quate material to establish the diagnosis (FNA 
smears and cell block) and then to reserve sufficient 
material for triage for the appropriate ancillary 
testing

• Consideration of the three main histologic patterns 
(small round blue cell, large epithelioid, and spindle 
cell) can help guide your diagnostic workup and 
determine the need for specific ancillary testing

• A few clinical scenarios encountered in pediatric 
pathology and of special significance are also dis-
cussed in this chapter, as the approach to testing in 
children can differ from that in adults, and many 
cytopathologists may not see a large volume of these 
pediatric specimens
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40 years. However, cancer remains the leading cause of death 
for children in the United States [1–3]. The most common 
childhood cancers are leukemia/lymphoma and solid tumors 
of the brain/central nervous system (CNS), bone/soft tissue, 
kidney, and eye. However, most cytopathologists are unlikely 
to encounter specimens from the two most common malig-
nancies, leukemia and CNS tumors, apart from screening for 
cerebrospinal fluid (CSF) involvement. This chapter will 
focus on lymphomas and solid tumors, as these are more 
likely to be encountered by the practicing cytopathologist. As 
in the adult setting, molecular techniques are often important 
for diagnosis, specific subtyping, prognosis, and therapeutic 
decisions.

 Approach to Pediatric Fine-Needle 
Aspirations and Triage

As malignancy is quite rare in children, the majority of 
pediatric fine-needle aspiration (FNA) biopsies will be 
benign and serve as a minimally invasive way to provide 
reassurance to the ordering provider, patient, and family 
that a lesion with a low clinical suspicion for malignancy is 
indeed benign [4]. However, it is important to be prepared 
for a potentially malignant pediatric FNA in order to 
promptly triage the specimen for the appropriate ancillary 
studies and to obtain a specific diagnosis [5, 6]. In order to 
triage appropriately, rapid on-site evaluation (ROSE) is 
important, particularly in children, given that the spectrum 
of entities is quite vast. Some of the triage considerations 
at the time of ROSE include potentially collecting mate-
rial in RPMI (Roswell Park Memorial Institute) media for 
flow cytometry and/or cytogenetics, additional unstained 
aspirate smears for FISH studies or special stains, procur-
ing fresh material for additional testing, collecting in a 
sterile container for microbiology studies, as well as col-
lecting material for a formalin-fixed paraffin-embedded 
(FFPE) cell block. When uncertain of the diagnosis, but 
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potentially considering a hematolymphoid malignancy, 
fresh material can be collected in RPMI media and held in 
the refrigerator until the initial immunohistochemistry 
(IHC) stains help to define the type of cells. Then, after 
evaluating additional material (cell block slides, 
Papanicolaou-stained slides, IHC), the stored RPMI mate-
rial can be sent for additional testing or simply used to 
create another FFPE cell block. In addition, many ancil-
lary tests such as FISH and most molecular tests, including 
next-generation sequencing (NGS), can be performed on 
FFPE material, including cell blocks. Thus, it is not always 
necessary to order all potential ancillary tests at the time 
of ROSE, as material could be exhausted on unnecessary 
testing. Thus, a stepwise approach using an initial IHC 
panel to guide your testing can be beneficial, particularly 
in small biopsies from pediatric patients.

 Cytomorphologic Patterns in Pediatric  
Fine- Needle Aspirations

When encountering a potentially neoplastic pediatric FNA, 
there are three major morphologic patterns that, when rec-
ognized, will help guide triage for potential molecular and 
other ancillary testing (Fig. 19.1). These three patterns are 
small round blue cell morphology, large epithelioid mor-
phology, and spindle cell morphology (Table  19.1). Of the 
small round blue cell lesions, it is important to look for lym-
phoglandular bodies and other features that would help to 
favor a hematolymphoid process and impact triage of the 
specimen. In pediatric malignancies in particular, there are 
a variety of scenarios where it is important to consider pro-
curing fresh material, in RPMI media, nucleic acid preserva-
tive, or fresh frozen for specialized additional testing 
(Table 19.2). Of course, having sufficient material for diag-
nosis always takes precedent.
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 Small Round Blue Cell Morphology

The small round blue cell morphology is one of the most 
commonly encountered in pediatric cytopathology. As previ-
ously mentioned, the first distinction to make is to determine 
if the predominant cellular population is lymphoid, in order 
to triage for flow cytometry, in addition to material for cell 
block. At the time of ROSE, acute inflammatory processes 
with neutrophils can mimic lymphoid aspirates if overstained 
and poorly prepared; thus, excluding a neutrophil-rich aspi-
rate is important as material should be allocated for micro-
bial cultures at ROSE if an acute inflammatory process is 
present. IHC stains on cell block material can help provide an 
immunophenotype to confirm and subtype a lymphoprolif-
erative process. Flow cytometry is also helpful for determin-
ing an immunophenotype and clonality; however, some 
important testing, such as Epstein-Barr virus (EBV) status 

Pediatric biopsy

Small round blue
cell morphology

Large
epithelioid

morphology

Spindle cell

morphology

Lymphoid

Flow
cytometry Immunostains

Non-lymphoid

Immunostains

Potential FISH
studiesPotential FISH

studies

If negative or nonDx, PCR
for B or T cell gene

rearrangement could be 
done

Immunostains

Potential 
molecular
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Immunostains

Potential 
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studies

Figure 19.1 Algorithm for ancillary studies in pediatric pathology
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Table 19.1 Summary of selected molecular findings in pediatric 
cytopathology
Tumor Molecular findings
Small round blue cell morphology

Wilms’ tumor WT1 or WT2 gene abnormalities

Neuroblastoma MYC-N amplification status 
important for prognosis and treatment

Ewing’s sarcoma EWSR rearrangements, including 
classic fusion of FLI-1 and EWSR, 
t(11;22)(q24;q12), as well as variant 
translocations

“Atypical Ewing’s 
sarcoma”

FUS rearrangements, CIC-DUX4 
fusion, BCOR-CCNB3 fusion

Alveolar 
rhabdomyosarcoma

FOXO1 (FKHR) rearrangements

Desmoplastic small 
round cell tumors

t(11;22)(p13;q12)

Clear cell sarcoma t(12;22)(q13,q12)

Extraskeletal myxoid 
chondrosarcoma

t(9;22)(q22–23, q11–12)

Burkitt lymphoma MYC alterations, classic 
rearrangement of translocation of 
MYC to IGH, t(8;14)(q24;q32)

Myoepithelial tumors Varied may include EWSR 
rearrangements

Large epithelioid morphology

Malignant melanoma BRAF, NF1 mutations

Large B-cell lymphoma IgH gene rearrangement to prove 
clonality; assessment of MYC, BCL2, 
and BCL6 to look for double−/triple- 
hit lymphomas

Pleomorphic adenoma PLAG1 rearrangement
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and proliferation index, cannot be determined via flow 
cytometry. In scant samples or in samples with nondiagnostic 
flow cytometry results, molecular techniques, such as poly-
merase chain reaction (PCR)-based B-cell or T-cell gene 
rearrangement studies or FISH studies for IgH gene 
 rearrangements, can be useful to establish clonality and can 
be performed on FFPE cell block material or unstained aspi-
rate smears (Fig.  19.2). This is particularly important when 
trying to establish clonality in a first-time diagnosis of lym-

Table 19.1 (continued)
Tumor Molecular findings

Langerhans cell 
histiocytosis

BRAF V600E mutation

Translocation renal cell 
carcinoma

t(X;17) or t(X;1)

Rhabdoid tumor INI1 mutations/deletions

Carcinomas Various molecular testing guidelines

Spindle cell morphology

Nodular fasciitis t(17;22) with increased USP6 
expression

Synovial sarcoma SS18 (SYT) translocation, t(X;18)
(p11;q11)

Congenital infantile 
fibrosarcoma

t(12;15)(p13,q25)

Inflammatory 
myofibroblastic tumors

ALK rearrangements; t(1,2)(q25;p23) 
and others

Giant cell fibroblastoma 
(juvenile form of DFSP)

t(17;22)(q22;q13)

Desmoid fibromatosis Wnt/beta-catenin pathway alterations

Mesoblastic nephroma t(12;15)(p13;q25)
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Table 19.2 Common/uncommon scenarios for the pediatric pathol-
ogist/cytopathologist with ancillary testing correlations
Pediatric FNA 
scenario and/or 
ancillary testing 
result

Molecular correlation and additional 
testing

Next-generation 
sequencing or 
other molecular 
testing detected a 
variant of uncertain 
significance in a 
tumor specimen

Could collect peripheral blood for testing, 
in order to determine if mutation is germ 
line (e.g., present in blood and in tumor) 
or sporadic (e.g., present in tumor only)

Flow cytometry 
shows a small, 
possibly clonal B-cell 
population with 
excess lambda/kappa 
light chain

Review morphology to see if there is an 
immature-appearing lymphoid population 
with poor preservation or necrosis that 
could account for only small viable 
population by flow cytometry

Check flow cytometry report to look at 
viability, to see if sample was a poorly 
viable sample

If concerned for B-cell 
lymphoproliferative process and 
sample contains sufficient abnormal 
cells in FFPE block, can try B-cell IgH 
rearrangement PCR studies

Flow cytometry 
shows a T-cell 
population with TdT 
staining of uncertain 
significance

Review morphology to see if “blastoid” 
or immature appearing, to exclude a 
T-lymphoblastic leukemia/lymphoma

Perform immunostains to exclude 
thymic sampling, such as CD1a, CD3, 
and TdT, cytokeratin, PAX8, p63

Review flow cytometry scattergrams to 
see if the TdT-positive T-cell population 
shows a maturational spectrum typical 
of thymic T-cells
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Table 19.2 (continued)
Pediatric FNA 
scenario and/or 
ancillary testing 
result

Molecular correlation and additional 
testing

Limited material 
from a biopsy in 
a young patient 
shows a small round 
blue cell tumor of 
uncertain etiology: 
how to triage for 
ancillary studies?

Consider splitting material into two 
containers (one with RPMI and one 
with formalin). Hold the container with 
RPMI in the refrigerator overnight, while 
ordering a very limited immunopanel 
on the FFPE material (LCA/CD45, 
CD99, synaptophysin, cytokeratin). If 
it is lymphoid (LCA positive), send the 
specimen in RPMI to flow cytometry. If 
it is not lymphoid (LCA negative), spin 
down the RPMI specimen into a second 
cell block for potential immunostains 
or molecular testing if the other FFPE 
cell block gets exhausted or is less 
representative

Order blank slides to be cut upfront 
and saved for additional immunostains 
to avoid trimming the block each time 
immunostains are ordered

Save any slides with scant material 
from smearing during the procedure 
or rapid on-site evaluation, as these 
could be used for FISH studies, like 
IgH gene rearrangement studies to 
confirm a clonal lymphoid population. 
Aspirate smears could also be utilized 
for molecular studies, if necessary

(continued)
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phoma or in locations where larger biopsies are challenging 
or unsafe (e.g., lymph nodes near large blood vessels).

Lymphoid proliferations with a high-grade B-cell mor-
phology include Burkitt lymphoma, diffuse large B-cell lym-
phoma, and other high-grade B-cell lymphomas, which 
includes double-hit and triple-hit lymphomas. Burkitt lym-

Table 19.2 (continued)
Pediatric FNA 
scenario and/or 
ancillary testing 
result

Molecular correlation and additional 
testing

Pediatric thyroid 
FNA shows high 
cellularity or 
features suspicious 
for a follicular or 
oncocytic neoplasm, 
medullary carcinoma, 
or papillary thyroid 
carcinoma

Consider obtaining aspirates for cell block 
(opposed to ThinPrep) to do a limited 
panel of immunostains (synaptophysin, 
calcitonin, TTF1) for excluding a 
medullary thyroid carcinoma or for 
beta-catenin staining if considering a 
cribriform-morular variant of papillary 
thyroid carcinoma (particularly in patients 
with known Familial Adenomatous 
Polyposis (FAP) Syndrome)

Obtain fresh aspirate material in a 
nucleic acid preservative for potential 
molecular studies or other appropriate 
media for sendout molecular testing, 
which may be helpful in certain 
scenarios, such as indeterminate 
categories in The Bethesda System for 
Reporting Thyroid Cytology (TBSRTC)

Consider genetic testing if familial 
syndromes are in the differential diagnosis, 
particularly for medullary thyroid 
carcinoma (associated with multiple 
endocrine neoplasia (MEN) syndrome) 
and cribriform-morular variant of 
papillary thyroid carcinoma (associated 
with familial adenomatous polyposis 
(FAP) syndrome)
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Figure 19.2 Large B-cell lymphoma. A 15-year-old girl with left 
lower leg pain, presented with imaging showing a discrete bone 
lesion. CT-guided fine-needle aspiration and core biopsy showed a 
population of CD20-positive lymphoid cells with large nuclei and 
immature features (a–c). Given the focal nature of the lymphoid 
cells, flow cytometry was nondiagnostic. However, PCR studies for 
the B-cell gene rearrangement were positive (d), supporting a clonal 
B-cell population, compatible with a primary large B-cell lymphoma 
of bone. (Image 19.2D courtesy of Dr. Somak Roy)
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phoma has aberrations in MYC, and the classic rearrange-
ment is the translocation of MYC to the IGH region, t(8;14)
(q24;q32). Due to variant translocations, the more specific 
test is the MYC break-apart FISH probe, which is more com-
monly done if considering other rearrangements of the MYC 
gene or when considering a double- or triple-hit lymphoma. 
The revised 4th edition of the WHO Classification of 
Tumours of Haematopoietic and Lymphoid Tissues includes a 
diagnostic algorithm for high-grade B-cell lymphomas based 
on morphology, immunohistochemical profile, and FISH 
results [7]. Although very rare, these malignancies may occur 
in the pediatric population. In cases with an intermediate-to- 
large size B-cell population with high-grade features (such as 
an elevated proliferation index or IHC positivity for c-myc), 
FISH studies for MYC, BCL2, and BCL6 are often necessary 
to further classify these malignancies and to exclude a dou-
ble- or triple-hit lymphoma.

Lymphoblastic leukemias/lymphomas are also a consideration 
and can be challenging given that they have a small-to- 
intermediate sized cell population that may not be readily identi-
fied as malignant in a pediatric FNA, particularly in those with 
suboptimal cellularity. These tumors can occur almost anywhere, 
but T-cell lymphoblastic leukemia/lymphoma has a particular 
predilection for occurring in the mediastinum of young adoles-
cent patients. One caveat is that immature T-cells of the thymus 
will also be TdT positive and thus need to be distinguished from 
a lymphoblastic leukemia/lymphoma. For this distinction, a com-
bination of cytomorphology and flow cytometry, in addition to 
the clinical and radiological findings, can be helpful in reaching a 
definitive diagnosis.

If one encounters a nonlymphoid small round blue cell pat-
tern, the differential diagnosis is wide and includes the Ewing’s 
sarcoma family of tumors, synovial sarcoma, rhabdomyosar-
coma, neuroblastoma, blastemal-predominant Wilms’ tumor, 
osteosarcoma, desmoplastic small round cell tumor, and others. 
Although many of the tumors in this differential can be 
resolved with a combination of patient presentation, tumor 
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location, and IHC results, there are occasions when ancillary 
molecular studies are necessary to establish the diagnosis or to 
provide specific subtyping. In cases of neuroblastoma, MYC-N 
amplification is important for both treatment and risk stratifi-
cation, and can be determined via FISH testing. Ewing’s sar-
coma has a characteristic translocation that creates a fusion of 
FLI-1 and EWSR, t(11;22)(q24;q12) [8, 9]. However, there are 
also variant translocations of the EWSR gene with different 
partner genes [10], which is why the EWSR break-apart FISH 
probe is commonly performed since it has greater sensitivity 
for detecting any EWSR rearrangement (Fig. 19.3).

a b

c

Figure 19.3 Primitive neuroectodermal tumor (PNET)/Ewing’s 
sarcoma. A 1-year-old girl presented with a left neck mass that 
showed a small round blue cell tumor that was positive for CD99 (a, 
b). FISH studies confirmed the presence of an EWSR1 gene rear-
rangement (c) (LSI EWSR1 Dual-color break-apart probe 22q12; 
Abbott Molecular, Des Plaines, IL)
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In the past, some tumors that histologically resembled 
Ewing’s sarcoma, but lacked EWSR gene rearrangements via 
the standard FISH panels, had been referred to as atypical 
Ewing’s sarcoma. Increasingly, alternative fusions have been 
identified, such as FUS rearrangements (Fig.  19.4) [11, 12]. 
Other recently described small round blue cell sarcomas 
include CIC-DUX4 fusion sarcoma and BCOR-CCNB3 
Ewing-like sarcoma [13–16]. In some cases, the differential 
diagnosis may also include monophasic synovial sarcoma. In 
such scenarios, it may be prudent to order the EWSR and 
SS18 FISH studies simultaneously and then to consider other 
tests or IHC stains if both of those results are negative.

A suspected diagnosis of rhabdomyosarcoma can often be 
confirmed by positive immunostaining for myogenin or 
myoD1. However, the clinically and prognostically important 
distinction between embryonal and alveolar rhabdomyosar-
coma often must be confirmed by ancillary studies [17]. FISH 
testing for FOXO1 (FKHR) gene rearrangements can estab-
lish the diagnosis of alveolar rhabdomyosarcoma (Fig. 19.5).

Soft tissue neoplasms in the pediatric population also have 
a wide differential and often include significant overlap with 
other nonlymphoid small round blue cell tumors. However, 
many soft tissue tumors affect a wide range of patients and 
may be encountered in the pediatric population. For example, 
in a 16-year-old girl with a distal leg soft tissue tumor, a posi-
tive FISH study for EWSR1 gene rearrangement helped to 
establish the diagnosis of extraskeletal myxoid chondrosar-
coma (Fig. 19.6).

 Large Epithelioid Morphology

As opposed to adult malignancies, only a minority of pediat-
ric tumors have a large epithelioid morphology. These include 
some salivary gland, thyroid, hepatic, and head and neck 
neoplasms, as well as the rare instances of adult-type malig-
nancies such as melanoma and carcinoma occurring in chil-
dren and adolescents. As has been discussed in previous 
chapters, there are many recently described translocations 
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a b

c

e

d

Figure 19.4 Small round blue cell tumor with FUS gene rearrange-
ment. A 25-year-old girl with a large pelvic mass measuring about 
13 cm had an FNA showing a small round blue cell tumor (a–c) with 
positivity for CD99 (d). FISH studies confirmed that the tumor was 
positive for a FUS gene rearrangement in 100% of cells (e). The 
EWSR1 and SS18 (SYT) FISH studies were negative (LSI SS18 
(SYT) dual-color break-apart Probe and LSI EWSR1 dual-color 
break- apart probe 22q12; Abbott Molecular, Des Plaines, IL)
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and other molecular alterations in salivary gland neoplasms 
[18]. Many of these tumors can also be found in the pediatric 
population with similar morphologic and molecular findings. 
For example, FISH for PLAG1 rearrangement can be used to 
confirm a benign diagnosis of a pleomorphic adenoma in a 
parotid FNA (Fig.  19.7). Furthermore, routine testing for 
BRAF and other genes should be performed in young 
patients with malignant melanoma [19]. In patients with thy-
roid nodules undergoing FNA, material should also be 
 triaged for the appropriate collection media if there is atypia 
or findings potentially concerning for a neoplasm that may 
warrant molecular testing or sendout testing.

a

c

b

Figure 19.5 Alveolar rhabdomyosarcoma. 22-year-old girl with a 
posterior abdominal wall tumor and ascites. The aspirates showed a 
small round blue cell tumor (a, b) with strong staining for desmin 
and myogenin, in addition to a positive FOX01 (FKHR) gene rear-
rangement (c) (LSI FOX01 (FKHR) dual-color break-apart probe; 
Abbott Molecular, Des Plaines, IL)
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In rare cases of adult-type tumors occurring in the young 
patient, a similar diagnostic workup as in an adult patient is 
typically utilized. For example, a 21-year-old woman was 
found to have a lung mass and the CT-guided FNA showed a 
papillary neoplasm with uniform round nuclei, intranuclear 
inclusions, and small nucleoli. The tumor cells were positive 
for TTF1 and negative for thyroglobulin and PAX8, confirm-
ing the diagnosis of well-differentiated papillary adenocarci-
noma of the lung and excluding a metastasis from the thyroid. 
The standard lung adenocarcinoma molecular testing was 
ordered and found a ROS1 gene rearrangement (Fig. 19.8).

Although molecular testing for thyroid FNAs has been 
well described and clinically validated, there is still limited 
data in the pediatric population. Pediatric papillary thyroid 
carcinoma (PTC) has a different molecular landscape than 
that of adults, and recent studies have described an increasing 
number of molecular alterations [20–25]. A positive molecu-
lar result in an FNA of a pediatric thyroid lesion can be 
 clinically useful to guide surgical planning [21]. There are also 
ways to resolve unusual molecular findings in the pediatric 
thyroid FNA. For example, a 4-year-old girl with a history of 
neuroblastoma, status post treatment with radiation and che-
motherapy over 1.5  years prior, presented with a thyroid 

a b

Figure 19.6 Extraskeletal myxoid chondrosarcoma. A 16-year-old 
girl with a left distal leg soft tissue tumor found to be extraskeletal 
myxoid chondrosarcoma (a, b) with positive FISH studies for an 
EWSR1 gene rearrangement (LSI EWSR1 dual-color break-apart 
probe 22q12; Abbott Molecular, Des Plaines, IL)
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a

c

b

Figure 19.7 Pleomorphic 
adenoma of the salivary 
gland. 18-year-old boy 
with a round, discrete 
parotid gland lesion that 
underwent FNA and 
revealed a mixed popula-
tion of epithelioid cells 
and metachromatic stro-
mal material (a, b). FISH 
studies were positive for 
the PLAG1 gene rear-
rangement (c) (LSI 
PLAG1 dual-color break- 
apart probe 8q12.1; 
Empire Genomics, 
Buffalo, NY), confirming 
the impression of a pleo-
morphic adenoma or 
benign mixed tumor
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nodule that showed cytologic features suspicious for a follicu-
lar neoplasm by The Bethesda System for Reporting Thyroid 
Cytology. Molecular testing on the thyroid FNA material 
revealed an STK11 and MET gene variant of uncertain clini-
cal significance. Follow-up testing on a peripheral blood 
sample showed that the variants were also present in the 
peripheral blood, supporting the interpretation that these 
variants were a germ line event (Fig. 19.9).

Other pediatric large cell tumors that may not have a truly 
“epithelioid” morphology include high-grade large B-cell lym-
phomas as discussed previously, histiocytoses, alveolar rhabdo-
myosarcoma, melanoma, alveolar soft part sarcoma, germ cell 

a

c

b

d

Figure  19.8 Adenocarcinoma of the lung with ROS1 rearrange-
ment. 21-year-old female with a lung mass with papillary features on 
FNA (a–c) and positive TTF1 IHC (d), confirmed to be primary 
lung adenocarcinoma. Thus, molecular testing was ordered, and a 
ROS1 gene rearrangement was identified
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tumors, osteosarcoma, and others. Furthermore, in these scenar-
ios, performing an INI1 immunohistochemical stain should be 
considered, as many of the tumors with INI1- loss, including rhab-
doid tumor, epithelioid sarcoma, and renal medullary carcinoma, 
are seen in the pediatric population. Histiocytic neoplasms such 
as Langerhans cell histiocytosis (LCH) and Erdheim-Chester 
disease (ECD) have a high prevalence of BRAF V600E muta-
tions and should also be considered when there is an abnormal 
histiocytic population [26] (Fig. 19.10). One consideration to bear 
in mind is that histiocytic neoplasms such as LCH frequently 
have a very low allelic frequency due to the relatively low burden 
of neoplastic cells that carry the mutation. This may lead to a 
false- negative molecular testing result. Traditional molecular 
testing such as Sanger sequencing is especially susceptible to a 
false-negative result, but the allelic burden is often so low in his-
tiocytic neoplasms that even the more sensitive next- generation 
sequencing (NGS) techniques may also give a false-negative 
result. In these cases, a well-validated BRAF V600E immunohis-
tochemical stain can be a very useful adjunct test.

a b

Figure 19.9 Thyroid FNA with suspicious for follicular neoplasm 
diagnosis by the Bethesda System for Reporting of Thyroid Cytology. 
In this 4-year-old girl with a history of neuroblastoma, a new thyroid 
lesion was detected and underwent aspiration showing a predomi-
nance of microfollicles, suspicious for a follicular neoplasm (a, b). 
Molecular testing can be helpful in these cases to look for molecular 
alterations favoring a papillary thyroid carcinoma or other neo-
plasm, in order to decide whether a partial or total thyroidectomy 
with or without lymph node dissection should be performed
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 Spindle Cell Morphology

The differential diagnosis of a pediatric FNA with spindle cell 
morphology is broad and includes benign lesions such as 
fibroma, schwannoma, and nodular fasciitis, as well as malig-
nancies such as synovial sarcoma, malignant peripheral nerve 
sheath tumor, and spindle cell rhabdomyosarcoma. In many 
cases, using a combination of clinical history, morphology, and 
IHC profile is sufficient to arrive at an accurate diagnosis. 
However, in non-straightforward cases, additional ancillary 
testing can help confirm the diagnosis. Although previously 

a

c

b

Figure 19.10 Langerhans cell histiocytosis. 19-year-old girl with 
fatigue presented with an enlarged neck mass. Aspirates revealed 
abnormal histiocytic cells with deep nuclear clefts, imparting a lobu-
lated or cleaved look to the nuclei, intermixed with numerous 
eosinophils (a, b). The histiocytic cells were positive for C1a (c) and 
Langerin, compatible with Langerhans cell histiocytosis. Molecular 
testing confirmed a BRAF V600E mutation
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considered a reactive lesion, studies of nodular fasciitis have 
identified a recurrent translocation t(17;22) with increased 
USP6 expression, which can be confirmed by FISH or PCR 
[27, 28]. Synovial sarcoma can have either monophasic or 
biphasic morphology and can be confirmed with FISH for 
SS18 (SYT) gene translocation (Fig.  19.11). Other rarer 
translocation-associated pediatric spindle cell malignancies 
include the NTRK-associated mesenchymal tumors [29]. As 
with FNA biopsy of any tumor, there may be tumor hetero-
geneity. One must also take into consideration that the FNA 
sample with spindled cells may represent a spindled portion 
of a heterogeneous Wilms’ tumor, hepatoblastoma, or other 
pediatric neoplasm.

c

a b

Figure 19.11 Synovial sarcoma. 16-year-old girl with a thoracic mass 
showing a mixed spindle and epithelioid neoplasm (a, b) that was 
positive for CD99, bcl2, and cytokeratin. FISH studies confirmed an 
SS18 (SYT) gene translocation (c), compatible with a synovial sar-
coma (LSI SS18 (SYT) dual-color break-apart probe; Abbott 
Molecular, Des Plaines, IL)
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Similar to many FNA biopsies in adults, ancillary testing 
such as FISH, NGS, conventional molecular testing, and oth-
ers, is becoming increasingly important for prognosis, ther-
anostics, and diagnosis. Although the variety of pediatric 
malignancies is broad, many diagnoses require ancillary 
 testing; thus, it is prudent to consider collecting material for 
cell block, in RPMI, and frozen in many cases.
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Abbreviations

BRAF v-Raf murine sarcoma viral oncogene homolog B
cfDNA Cell-free DNA
CSF Cerebrospinal fluid
ctDNA Circulating tumor DNA
DNA Deoxyribonucleic acid
ddPCR Droplet digital PCR
EBUS-TBNA Endobronchial ultrasound-guided trans-

bronchial needle aspiration
EGFR Epidermal growth factor receptor
EUS Endoscopic ultrasound
FDA United States Food and Drug Administration
FNA Fine-needle aspiration
FISH Fluorescence in situ hybridization
HPV Human papillomavirus
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KRAS Kirsten rat sarcoma viral oncogene homolog
LBC Liquid-based cytology
LOH Loss of heterozygosity
NGS Next-generation sequencing
NRAS Neuroblastoma RAS viral oncogene
PCR Polymerase chain reaction
PPAR-γ Peroxisome proliferator-activated receptor γ
PTC Papillary thyroid carcinoma
RET Proto-oncogene tyrosine-protein kinase 

receptor Ret
RNA Ribonucleic acid

Key Terminology

Cell-free DNA (cfDNA) DNA freely circulating in the 
system and usually refers to 
free circulating DNA in the 
blood. Circulating tumor 
DNA (ctDNA) is a fraction of 
the cfDNA in neoplastic con-
ditions, where tumor-derived 
fragmented DNA is released 
from tumor cells into the cir-
culation and can be extracted 
from the serum/plasma frac-
tion of blood. cfDNA or 
ctDNA can be quantified and 
used for sequencing/mutation 
analysis, commonly referred 
to as a “liquid biopsy” assay

Cell pellet Aggregate of cellular elements 
at the bottom of a tube after 
centrifugation of cytology 
specimen

Droplet digital PCR PCR-based technology to 
directly quantify and clonally 
amplify nucleic acids by divid-
ing the PCR reaction into 
smaller reactions through a 
water oil emulsion technique 
and amplified individually
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Liquid-based cytology Cytopathology preparation 
method using a proprietary col-
lection media and fixative fol-
lowed by automated processing 
to obtain a monolayered slide 
for morphologic evaluation

Liquid biopsy A fluid phase biopsy and usu-
ally refers to the sampling and 
analysis of circulating tumor 
cells or cell-free DNA in 
blood or other fluids such as 
amniotic fluid, cerebrospinal 
fluid, and urine. Liquid biop-
sies provide a noninvasive, 
easily accessible alternative to 
tissue biopsy analysis when 
the latter is unavailable

Molecular cytopathology Discipline of cytopathology 
based on the integration of 
morphologic changes with the 
genomic alterations/molecular 
features underlying the devel-
opment, progression, and prog-
nosis of neoplastic diseases

Next-generation sequencing High-throughput molecular 
platform that allows sequenc-
ing multiple gene sequences in 
parallel and interrogating vari-
ous genetic alterations for mul-
tiple patients in a single run

Residual LBC Specimen collected in LBC pro-
prietary collection media (such 
as CytoLyt or CytoRich Red) 
that remains after processing of 
monolayered LBC slide for 
morphologic evaluation

Supernatant Fluid that separates above the 
pelleted cellular elements 
after centrifugation of a 
cytology specimen
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Molecular cytopathology is defined as the application of 
molecular studies to any type of cytology specimen, whether 
gynecological, exfoliative, or fine-needle aspiration cytology 
[1]. Molecular test results are only meaningful when appro-
priately interpreted in context of the cytomorphology. The 
importance of standardizing pre-analytical and analytical 
aspects of molecular testing to obtain relevant and reliable 
results that can be translated into clinical care cannot be 
overemphasized. The various chapters of this book have out-
lined the basic principles of molecular diagnostics currently 
used in the practice of cytopathology, focusing on the applica-
tions of these techniques for diagnosis, prognosis, as well as 
for assessing therapeutic targets.

Cytopathology as a specialty has been at the forefront of 
adapting new technology and incorporating new techniques 
into clinical practice. As discussed in earlier chapters, the 
advantages of using cytology material over histologic tissue 
for molecular studies are many, including better-preserved 
and higher-quality nucleic acids, ease of obtaining fresh 

Key Points

• The integration of molecular diagnostic assays in 
cytopathology has added a genomic dimension to the 
world of diagnostic cytopathology

• The variety and versatility of cytology specimen 
preparations provide multiple options for perform-
ing molecular assays, as long as the pre-analytic 
aspects of specimen processing and handling are 
optimized and the tests are appropriately validated

• Novel applications of cytology specimens for molec-
ular diagnostic assays have redefined and expanded 
the role of cytopathology in patient care

• Cytopathologists must evolve with the changing 
landscapes of molecular medicine, embrace new 
technological advancements, and optimize these 
methods into routine cytopathology practice
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whole cells, and the ability to perform on-site evaluation 
for adequacy. With the advent of high-throughput technolo-
gies such as next-generation sequencing (NGS), the clinical 
applications of molecular cytopathology has expanded 
from the more conventional tests, such as human papillo-
mavirus (HPV) testing of cervicovaginal specimens and 
fluorescence in situ hybridization (FISH) in urine samples, 
to a multitude of DNA/RNA and protein-based assays that 
are routinely used in clinical decision-making. The rapid 
development of molecular diagnostic assays in surgical 
pathology has revolutionized the practice of cytopathology 
with the adoption of these same tests in cytology samples, 
thereby adding a genomic dimension to the world of diag-
nostic cytopathology.

This has specific implications when cytology is the primary 
mode of diagnosis (such as thyroid fine-needle aspiration 
(FNA) and endoscopic ultrasound (EUS)-guided FNA of 
pancreaticobiliary tumors and/or pancreatic cysts) as well as 
in advanced stage patients when cytology is the only speci-
men available for testing (for instance, malignant effusions, 
endobronchial ultrasound-guided transbronchial needle aspi-
ration [EBUS-TBNA], and FNA of metastatic sites not ame-
nable to more invasive procedures). A concise summary of 
relevant molecular testing in cytology specimens is provided 
in Chap. 1 with more organ-specific molecular diagnostics 
detailed elsewhere in this book (Chaps. 9, 10, 11, 12, 13, 14, 15, 
16, 17, 18, and 19).

As discussed in previous chapters, the versatility of 
cytology specimen preparations provide a variety of options 
for performing these molecular tests, as long as the pre-ana-
lytic aspects of specimen processing and handling are opti-
mized and the tests are appropriately validated [2–9]. In 
recent years, liquid biopsy assays interrogating tumor-derived 
cell- free DNA (cfDNA) from patient plasma samples have 
gained popularity, especially when tumor tissue is not avail-
able or insufficient for molecular testing [10]. NGS and ultra- 
sensitive assays such as droplet digital PCR (ddPCR) have 
been successfully applied as liquid biopsy assays for personal-
ized cancer therapy leading to the recent approval of these 
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tests by the United States Food and Drug Administration 
(FDA) for specific situations [11, 12]. With the increasing use 
of liquid biopsy assays, several groups have explored the use 
of mutational assays using tumor-derived cfDNA in cytology 
samples such as cerebrospinal fluid (CSF) and urine [13–19]. 
The ability to detect clinically relevant genetic alterations in 
these cytology samples provides a less invasive and easily 
accessible alternative to obtaining tumor genomic informa-
tion via a tissue biopsy. This novel application not only aids 
with diagnosis (e.g., CSF samples in patients with suspected 
leptomeningeal disease) but also can be used for serial moni-
toring of patients for therapeutic response and/or disease 
relapse and development of resistance mutations [15, 16].

More recently, cytopathologists are discovering novel ways 
to better utilize their specimens by repurposing previously 
discarded samples to provide additional genomic information 
in cases that would otherwise warrant an additional biopsy. 
For years the residual liquid-based cytology (LBC) prepara-
tion from cervicovaginal gynecological samples has been uti-
lized for detection of high-risk HPV.  Recent studies have 
explored the utility of molecular testing of residual LBC from 
non-gynecological FNA samples with promising results [20–
25]. The LBC media not only provides optimal preservation 
of cellular morphology for diagnosis but also preserves 
nucleic acids for downstream DNA-/RNA-based assays as 
well as FISH assays. Furthermore, post-centrifuged FNA 
needle rinse supernatants have been evaluated by some 
investigators and noted to yield substantial amounts of DNA, 
sufficient for molecular assays such as microsatellite frag-
ment analysis for loss of heterozygosity (LOH), mutational 
analysis for multi-gene panels by NGS, and/or hotspot-based 
testing using PCR/capillary electrophoresis, pyrosequencing, 
and ddPCR [26–31]. Table 20.1 lists some of the relevant stud-
ies reporting molecular testing using residual/supernatant 
FNA needle rinse substrates. Given that these residual needle 
rinses and supernatant fluids are routinely discarded, the 
implications of providing critical genomic-based testing from 
these samples are far-reaching.
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As the world of molecular medicine continues to evolve, 
cytopathologists need to be increasingly involved in the pre- 
analytical and analytical aspects of specimen collection, pro-
cessing, adequacy evaluation, and molecular testing [2, 3, 32]. 
Continuing to embrace new advancements in technology 
together with optimizing and validating these methodologies 
in cytology samples will be essential to adopting a molecular 
diagnostic armamentarium into routine cytopathology 
practice.
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