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Preface 
 
 
 

The Tata Memorial Hospital has pioneered the cause of EBM in oncology in India and has been conducting 
the annual meeting on EBM in common cancers for the past eighteen years. The 19th conference on 
“Evidence Based Management of Cancers in India- EBM 2021” is being held from in a Virtual platform 
from 26th to 28th February, 2021 and 5th to 7th March, 2021.  Each year we have focused on different aspect 
of cancer care; collated and published the best available evidence in the form of “EBM book” which is also 
easily accessible at our official website. 
 
This is a broad and overarching theme, which will span all specialties involved in Cancer care including 
Surgical Technology and adjuncts; Theranostics - Radiodiagnosis/ Interventional Radiology/ Bio-imaging; 
Pathology, Radiation therapy planning and delivery; Diagnostics and Precision Medicine and Advanced 
technologies including Artificial intelligence, Big Data management. The focus is on evaluation of efficacy 
as well as practical utility and cost-effectiveness.  
 
 
This EBM conference will be led by a galaxy of national and international authorities in the multidisciplinary 
fields. The goal is to critically review and present the best available evidence and evolve management 
practices, which can be easily assimilated into clinical practice across the country. This book outlines and 
discusses these advances. 
 
 
 
 
 
 
Prof R A Badwe, 
Director, Tata Memorial Centre 
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Chapter 1: Issues of Tissues 
 

Formalin fixed paraffin embedded (FFPE) tissues are the most invaluable and widely available representative 
source of material used in surgical pathology which houses vast amount of information. It is the most 
resourceful archival material with immense utility in molecular testing and research in oncology.1 

 
With rapidly diminishing translational gap for molecular and digital pathology, preanalytical factors prove 
to be vital and pivotal to protect integrity of biospecimen for downstream analysis which impact precision 
oncology. Current workflow of surgical pathology viz. specimen collection, fixation, tissue processing, 
sectioning, and staining can potentially influence the results of several downstream applications including 
molecular testing and digital pathology. 
 
First and foremost, in cancer diagnosis, is tissue procurement. To maximize benefit from the tissue, a shift 
in practice to view biopsy primarily as a tool for histological diagnosis to one where it is utilized for 
additional ancillary, molecular testing and ultimately a patient-centric treatment decision is the cardinal step. 
Adequate sampling, obtaining multiple tissue cores, from different areas (to address intra-tumoural 
heterogeneity issue), splitting and embedding tissue cores in multiple blocks, rapid on-site evaluation 
(ROSE) for immediate assessment of tissue adequacy minimizing the rates of tissue insufficiency and 
subsequent re-biopsy are some of the steps which can tackle the issue of available representative material for 
subsequent downstream analysis.2 
 
The FFPE specimen has emerged as the most preferred option for molecular diagnostic assays because of 
the ease of use, accessibility and storage.3 Numerous studies have reported the feasibility of using DNA from 
FFPE samples with both conventional PCR-based and NGS technologies. However, archived FFPE tissues 
present many technical challenges. These issues ranging from formalin fixation leading to cross-linking of 
nucleic acids to proteins and other cellular constituents, leading to varying degrees of DNA fragmentation.4 
Moreover, age-related changes in pH can lead to the oxidation of formalin to formic acid, causing base 
purination and strand breaks.5 An additional challenge seems to be limited quantity of nucleic acid obtained 
from FFPE. Many researchers have also shown that the quality of FFPE DNA can significantly affect 
downstream genomic applications. In addition to the formalin fixation induced fragmentation leading to low 
amounts of amplifiable template for PCR amplification; other key concern is the presence of artefacts, 
impeding mutation detection and variant calling.6 Thus, the scope of the molecular techniques is majorly 
dependent on the quality of the nucleic acid extracted from the sample. 

The CAP Personalized Healthcare Committee (PHC) of the CAP established the Pre-analytics for Precision 
Medicine Project Team (PPMPT) to develop a basic set of evidence-based recommendations for pre-
analytics for both tissue and blood specimens that could be implemented to ensure integrity of biomolecules 
in routine molecular pathology practice.7 For tissue, the following key pre-analytic factors have been zeroed 
in and recommendations are in place e.g. Cold ischemia time (1hour or less), fixation in 10% neutral buffered 
formalin with pH 7.0, no acid decalcification step, thickness of specimen not to exceed 4-5mmwhile 
grossing, fixative volume to tissue mass ratio of10:1, standardized tissue processing, use of low melt paraffin 
(600 C), storage in dry, pest free environment.7,8 Documentation of the above processes and any deviation 
thereof is necessary. 
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FFPE tissue is considered a problematic starting material for most molecular genetic techniques. 
Furthermore, the quality of the FFPE tissue-extracted DNA sample is also influenced by the extraction 
method chosen. The process of nucleic acid extraction from FFPE tissues mainly involves deparaffinization, 
enzymatic digestion followed by purification and alcohol precipitation.9 Several protocols are designed for 
effective DNA extractions that are based on different principles where the amount of DNA obtained and its 
quality is variable for each method. Different conventional methods and commercially available kits are 
employed by different molecular laboratories for extraction of DNA.  
 
Some studies have demonstrated comparisons between column-based methods vs. magnetic bead methods 
for DNA extraction from FFPE tissues, while others have compared the efficiency of different ready-to-use 
commercially available extraction kits. Furthermore, performance of automated methods and manual 
methods by comparisons based on hands on time involved has also been reported. Although from the 
consensus data there is information about performance of commercial kits and in-house methods in terms of 
quality/quantity of DNA, there is scarce data regarding improving quality of nucleic acid for downstream 
applications where length of the amplicon is a crucial factor. 
 
Hence for obtaining maximum accuracy, it is very crucial that the starting material has adequate 
representative tumour tissue and is of good quality primary fixation and tissue processing. The molecular 
laboratories should ensure protocols which have been standardized and validated based on the available 
FFPE tissue from the respective laboratories and work towards obtaining optimal yield of nucleic acid using 
those extraction protocols. The variation or deviations in protocol to circumvent issues like poor fixation or 
low yield should be recorded and followed by all the staff members in the laboratory in order to ensure 
uniformity in results obtained as these nucleic acids, their integrity and quality lays the foundation for the 
further downstream processing for any molecular assays.  
 
Similarly, in digital pathology, quality of digital image is dependent on quality of input i.e., glass slide. Some 
of the technical considerations include, to keep standard section thickness (3 – 5 μm) while cutting paraffin 
blocks, to maintain optimum staining (neither faint, nor excess, no background), and ensuring flat tissue 
section (no fold, wrinkles) without any air bubbles beneath coverslip.10,11 

 
The slides should be clean and inspected for overhanging labels, or excess mounting medium. The slides 
should be free from any loose debris, or fingerprints from the upper and lower surface. The technologist 
needs to check for cracks or chips in the slide, particularly at the corners. Any loose glass shards could fall 
off during scanning and damage the scanning process. It is advisable to wait until slides are fully dry before 
loading into the scanner. 10,11 
These simple steps will ensure conversion of high-quality glass slides into high quality virtual slides for 
myriad applications viz. diagnosis, education, quality assurance and artificial intelligence (AI) based 
analysis.10,11 

 

To lend an added dimension, in diagnostic pathology, tumour morphology observed on standard H&E-
stained slide is used for its characterization. It reflects the sum of all temporal genetic and epigenetic 
alterations in tumour cells, thereby providing incredible and immense utility for predicting tumour biology 
and clinical behaviour. Currently most predictive tests are based on complex and exorbitant high-end assays. 
Apropos of this, there has been growing interest in extracting and identifying discriminating morphologic 
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features, using AI based tools and algorithms, from routine H&E images that can help prognosticate and 
predict disease outcomes. The successful validation of these H&E-based tests and establishing a connection 
between “genome and phenome” and vice versa could have a significant impact in low- and middle-income 
countries that do not have access to the more expensive, complex sophisticated, molecular-based prognostic 
and predictive tests and assays. However, issues of tissues need to be addressed first before embarking on 
this novel journey. 
 
To summarize, precision oncology is neither a silver bullet nor is it a dream, it is a reality and has its successes 
and failures! However, there is absolutely no iota of doubt that practice of precision oncology requires 
precision pathology, the foundation of which is formed by pre-analytics. 
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Advanced Molecular Diagnostics 

Chapter 2: Next Generation Sequencing in the Clinic 
 

The increased discovery rate of clinically relevant biomarkers because of extensive characterization of cancer 
genome has necessitated the testing of multiple genes in tumour as the standard-of-care. The revolutionary 
next-generation sequencing (NGS) technologies due to their massively parallel sequencing capability enable 
the simultaneous screening of multiple genes in multiple samples. NGS can provide simultaneous screening 
of a variety of genomic aberrations such as single-nucleotide variants (SNVs), multiple-nucleotide variants 
(MNVs), small and large insertions and deletions, and copy number variation (CNVs) of the genes. 
 
NGS assays can be developed to target the genome at various scales (whole genome, whole exome, 
transcriptome, targeted panels) and prove to be a key component toward realizing effective stratified 
oncology. There is considerable variability across targeted NGS in terms of choice of panels, method of 
detection, amount of input material. All these variabilities offer complexities in adapting this technology into 
routine practice.  
 

I) Types of NGS assays 
 
Whole genome sequencing (WGS): 

It is the massively parallel sequencing of the entire genome which yields tremendous data output but 
currently relevant only in research setting and not feasible for clinical diagnostics. 

 
Whole exome sequencing (WES): 

This is a genomic technique for sequencing all the protein-coding regions of genes in a genome (known as 
exome). WES is an efficient method to identify possible disease-causing mutations, however, it tends to 
miss DNA variations outside the exons. Analytical specificity may also be compromised with less depth 
of coverage and hence is not a preferred choice when it comes to clinical utility in diagnostic settings.1 

 
Whole transcriptome sequencing (RNAseq): 
This technique examines the sequences of RNA and analyses the transcriptome of gene expression patterns 

encoded within the RNA. It is a promising alternative to microarray and has several advantages.2 

 
Targeted disease specific panels: 

Targeted sequencing is a popular approach to detect known and novel variants in selected sets of genes or 
mutational hotspots. It is a rapid and a cost-effective way withwell-established studies on sensitivity, 
specificity, precision, and reproducibility of such panel-based testing in clinical settings.3-5. 
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II) Sequencing Platforms 
 
Currently available commercial platforms are based on the ability to perform many parallel chemical 

reactions in a manner that allows the individual products to be analyzed. Chemistries include sequencing 
by synthesis or sequencing by ligation with reversible terminators, bead capture, and ion sensing. 
Depending upon the clinical utility, availability of funds and infrastructure, the laboratory can decide on 
which platform is suitable for use. (Table 1) 

 

 
Table 1: Different types of sequencing platforms and the method of sequencing and their pros and 

cons of each platform (*GB- Giga Base pairs)  
 

Platform Method of Sequencing  Pros Cons 
Illumina Sequencing by Synthesis – 

cyclic reversible 
termination technology 
Paired end sequencing  

High throughput, low 
cost per Gb data. 
High accuracy 

Short Read Length, high 
instrument cost 

Ion Torrent Ion Semiconductor 
Sequencing technology- 

Low Instrumental and 
operational cost. 
Short execution 
time. Simple 
machine 

Error rate not very 
good. Moderate cost 
per Gb data. More 
hands-on time  

Pacific Bioscience  Single Molecule Real time 
long read sequencing  

Longest reading length 
available. Short 
Instrument 
execution time  

High error rate. High 
cost per Gb data. 
Many methods are 
still under 
development. 

Oxford Nanopore Single molecule Real time 
long read sequencing  

Small, portable, and 
low-cost instrument  

High error rate. Biased 
errors. High cost per 
reading 

Complete 
Genomics BGI 

Sequencing by Ligation  
-DNA nanoball Sequencing 

Mate pair library   

Low cost per run, short 
execution time, 
large amount of 
data, error rates low  

Short read length 

Gene Reader 
(Qiagen) 

Sequencing by Synthesis, 
Single Nucleotide addition 
 

High Throughput, 
reduced manual 
intervention, 
complete solution 
from extraction to 
data analysis  

Closed system, High 
Cost  
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III) NGS workflow 
 

Quality Parameters 

NGS is a multistep assay starts with the selection of the appropriate sample, tumour enrichment followed by 
target enrichment and library preparation, followed by sequencing and data analysis. 

 
Preanalytical Factors 

The sample type frequently used for analysis of solid tumours is formalin-fixed paraffin-embedded 
(FFPE)tissue. The Hematoxylin and eosin (H&E) stained slides of the representative tumour sections are 
reviewed to quantify approximate tumour content. NGS workflows require a quality control (QC) step; 
wherein UV spectrophotometry can be used for purity assessment and fluorometric methods for nucleic 
acid quantitation. 

 
Analytical Factors 

Guidelines for validation of acceptable types of specimens and extraction methods used for NGS testing 
currently exist.6,7 For a successful NGS set up, 50-60 ng of good quality DNA/RNA is required as a 
starting material.3 

 
Approaches for Target Enrichment 

Amplicon-based methods are convenient for smaller gene panels but are susceptible to imbalanced sequence 
coverage across targets and artefacts such as random sequence mismatches introduced by polymerase 
errors. The coordinates of the amplicons are fixed, and invariant, amplicon-based library preparation 
provides inaccurate estimates of the number of unique input DNA molecules being sequenced because 
of PCR inflated coverage.  

 
Hybridization-based target enrichment uses complementary target-specific DNA or RNA oligonucleotide 

‘baits’ to hybridize and snare genomic DNA (fragmented due to enzymes or due to physical shearing). 
Hybridization capture is relatively more suitable for degenerated degraded FFPE DNA, because use of 
affinity-based enrichment only requires partial overlap of capture probes with region of interest, wherein 
amplicon PCR is unable to amplify DNA fragments where either one or both of the primer binding sites 
are degraded. Hybridization capture prevents issues of allele dropout, generally observed using 
amplicon-based libraries. The probes hybridizing to the region of interest are within longer fragments of 
DNA, in the flanking regions of the target are amplified and sequenced. Hybridization capture based 
libraries have an advantage over amplicon-based libraries as it enables interrogation of neighboring 
regions that may not be easily captured with specific probes. 
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Figure 1: The Basic NGS workflow encompassing pre- and post-analytical parameters. 

 

Importance of NGS Bio-informatics Pipeline  
 

NGS data analysis should be performed using robust bioinformatics pipelines. A bioinformatics pipeline is 
composed of a wide array of software algorithms to process raw sequencing data and generate a list of 
annotated sequence variants.8,9 

 
Identification of true genetic alterations and variants, processing of the raw data and basic alignment, 

annotations of the genetic variants detected in the assay play a paramount role in providing diagnostic 
solutions using the NGS assay. 

 
The data analysis pipeline includes base-calling as the first step, in which the base sequence is assigned using 

the signal read-out. This is followed by alignment of the sequence reads to a reference genome. 
 
However, it is extremely important for the laboratories offering NGS based diagnostics to get the 

bioinformatics pipeline also validated as per the recommended guidelines.9The bioinformatics pipeline 
validation should be appropriate and applicable for the intended clinical use, specimen, and variant types 
which have been designed to be detected by the test.9-11 

 
The NGS bioinformatics data should be analyzed and interpreted only by a qualified healthcare professional 

following advanced molecular training and certification in analyzing and validation of the bioinformatics 
pipeline as per recommended guidelines.  
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Variant Interpretation 
 
A variant is considered as a biomarker which affects clinical care. The biomarker will be of clinical utility if 

it can predict sensitivity, resistance, or toxicity to a specific therapy, alters the function of the gene, which 
can be targeted by approved or investigational drugs.  

 
Somatic variants include SNVs, indels, fusion genes resulting from genomic rearrangements, and CNVs. 

The results of variant calling are typically represented in one of the several standardized formats, such 
as the clinical variant call format (VCF), genomic VCF, and general feature format (alias gene finding 
format or generic feature format). However, the most common one being the VCF format.10 

Based on the available evidence as well as significance on the clinical decision making, the variants have 
been classified into different categories as per the joint consensus and recommendations of AMP, ASCO, 
and CAP as mentioned below. (Figure 2) 

 
a. Level A Biomarker:   
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Predict response or resistance to US FDA-approved therapies for a specific type of tumor or have been 
included in professional guidelines as therapeutic, diagnostic, and/or prognostic biomarkers for specific 
types of tumours. 

b. Level B Biomarker:  

Predict response or resistance to a therapy based on well-powered studies with consensus from experts in the 
field or have diagnostic and/or prognostic significance of certain diseases based on well- powered studies 
with expert consensus. 

c. Level C Biomarker:  

Predict response or resistance to therapies approved by FDA or professional societies for a different tumor 
type (i.e., off-label use of a drug), serve as inclusion criteria for clinical trials, or have diagnostic and/or 
prognostic significance based on the results of multiple small studies 

d. Level D Biomarker:  

Plausible therapeutic significance based on preclinical studies or may assist disease diagnosis and/or 
prognosis themselves or along with other biomarkers based on small studies or multiple case reports with 
no consensus.3 

 

Figure 2: Tier based classification of biomarkers based on the recommendations of AMP, ACMG 
and CAP.7 

 

Reporting CNVS 

It should be reported as amplification detected for gene XXX/ no indications for the 
amplifications/inconclusive, or additional testing required depending upon the data. While reporting 
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CNVS it is important include quantitative information like coverage of the assay and assay limitations. 
The drawback of NGS based CNV determination is to detect low-level copy number gains and/or high-
level amplifications in specimens with low neoplastic cell percentages. Here the quality metrics of the 
assay encompassing all the preanalytical, analytical and post analytical factors is very important.12 

 

Interpretation and Reporting recommendations 

Variant should be classified into the 4-tiered system. Tiers I-III must be reported in descending order of 
clinical importance. It is not recommended to include Tier IV or "benign/likely benign" 
variants/alterations in the report, however, it should be made available. Pertinent “negatives” should be 
reported, in a disease-specific manner. All detected genetic alterations should be annotated and reported 
as designated by the HUGO Gene Nomenclature. (http://www.genenames.org). Clinical significance of 
the variant should be clearly described in the interpretation. References such as publications and database 
should be appropriately cited for further information.3,13. 

 

 
Table 2: A selection of Next Generation Sequencing Platforms and other genetic companion 

devices.14 

 
Platform Genes 

Assess
ed 

FDA 
Appr
oval 

Mutations 

FoundationOne CDX (Foundation 
Medicine) 

324 Yes Copy number alterations, gene fusions, 
MSI, TMB, PDL-1 (IHC) 

MSK IMPACT (Integrated Mutation 
Profiling Of Actionable Cancer 
Targets) (Memorial Sloan Kettering) 

468 Yes Somatic single nucleotide variants, 
insertions, deletions, and 
microsatellite instability 

Oncomine Dx Target Test (Thermo 
Fisher) 

46 Yes DNA single-nucleotide variants (SNVs) 
and deletions in 35 genes, and RNA 
sequence variations from 21 genes 
(Non-small cell lung cancer) 

Caris Molecular Intelligence CDX (Caris 
Life Sciences) 

592 Partial DNA: copy number alterations, MSI, 
TMB 

RNA: gene fusions, mRNA variants    
Oncomine Comprehensive Assay 

(Thermo Fisher) 
161 – DNA sequencing: copy number 

alterations, gene fusions 
Trusight Oncology 500 (Illumina) 523 – DNA + RNA assay for assessment of 

small variants, TMB, MSI, splice 
variants, and fusions 
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FoundationOne Liquid 70 – Plasma: DNA sequencing: copy number 
alterations, specific gene fusions for 
lung malignancies, MSI 

Guandant360 (Guardant) 76 – Plasma: DNA sequencing: copy number 
alterations, 6 gene fusions 

Genetic Companion Devices 
Praxis Extended RAS Panel (Illumina) 2 Yes K-ras and N-ras (colorectal cancer) 
Therascreen KRAS RGQ PCR Kit 

(Qiagen) 
1 Yes K-ras (colorectal cancer) 

BRACANALYSIS CDX (Myriad Genetic 
Laboratories) 

2 Yes BRCA1, BRCA2 (Ovarian and Breast 
cancers) 

FoundationFocus CDX BRCA Assay 
(FoundationOne) 

2 Yes BRCA1, BRCA2 (Ovarian cancer) 

Therascreen EGFR RGQ PCR KIT 
(Qiagen) 

1 Yes EGFR (Non-small cell lung cancer) 

COBAS EGFR Mutation Test V2 (Roche 
Molecular Systems) 

1 Yes EGFR (Non-small cell lung cancer) 

THXID BRAF Kit (Biomérieux) 1 Yes BRAF (Melanoma) 
COBAS 4800 BRAF V600 Mutation Test 

(Roche Molecular Systems) 
1 Yes BRAF (Melanoma) 

Therascreen FGFR RGQ RT-PCR Kit 
(Qiagen) 

1 Yes FGFR (Urothelial cancer) 

Therascreen PIK3CA RGQ PCR Kit 
(Qiagen) 

1 Yes PIK3CA, tissue and plasma (breast 
cancer) 

Myriad MYCHOICE® CDX (Myriad 
Genetic Laboratories) 

Combined 
assay 

Yes Loss of heterozygosity (LOH), 
telomeric-allelic imbalance (TAI), 
large-scale state transitions (LST) 
(ovarian cancer) 

 

Post Analytical Factors 

Reports should be static, and the date of issue should be clearly mentioned. It should clearly mention the 
gene panel used, pre, analytical and post analytical details, methodology used and performance 
characteristics (limit of detection, assay limitation, sequencing depth coverage, annotations used). 

 

Validation of the NGS Runs 

Use of appropriate controls is extremely important in every NGS run for a successful validation. The 
commercial reference controls with different levels of variant allelic frequencies (VAF) can be used to 
for validation.15 A no template control should be always used for library preparation and should be 
incorporated in every run to ensure absence of carryover contamination or contamination in the reagents. 
Validation of the assay will include determination of the following quality parameters. (Table 3) 
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i. Positive Predictive Value (PPV): PPV is the proportion of detected variants that are true positives.4,16. 
ii. Limit of Detection (LOD): The lower LOD (LLOD) could be defined as the minor allele fraction at 

which 95% of samples would reliably be detected.1,17. 
iii. How many samples to run for the validation: There are no specific recommendations as such for 

testing exact number of samples. ACMG has no specific recommendations as to how many samples need 
to run. CAP recommends at least 20 samples need to run and CDC recommends nearly 30 samples.1,4,17,18. 

 

Figure 3: When to order NGS test14 

Table 3: Core Quality metrics during validation of NGS runs.5 

Core quality 
metric 

Validation parameters Ongoing quality control 

Nucleic acid quality 
and quantity 

Minimum criteria to ensure accurate variant 
detection and reproducible results depending 
on the established sensitivity of the assay.  

A plan for ongoing monitoring must be 
established. 

Library 
qualification 
and 
quantification 

The laboratory must standardize protocols for 
library qualification and quantification.  

The fragment sizes of the library -
within the expected molecular 
weight narrow range.  

Depth of coverage Requirements vary depending on the platform 
used and the application. 
Coverage must be defined to achieve 
adequate sensitivity and specificity  

Ongoing measures should be taken to 
monitor the overall coverage and 
region coverage in each run.  
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Role of Molecular Tumor Board (MTB) 

The systematic interpretation of large amounts of NGS data, aiming to translate molecular alterations into 
clinical indications, remains challenging and has been addressed with the implementation of MTB.19 
MTBs are multidisciplinary meetings where molecular reports are discussed for  precision management 
of patients form all perspectives (diagnostic radiology, histopathology, molecular pathology, surgical, 
medical andradiationoncology team)  to reach a consensus on understanding the molecular biomarkers, 
further clinical implications and consider alternative treatment options for patients who are refractory to 
standard-of-care systemic therapies.20 

Conclusion 

Molecular diagnostics is a dynamic field, with continuous evolution of testing algorithms and technology. 
The knowledge of emerging biomarkers needs to be constantly updated with the novel alterations or 
variants of potential significance being unraveled. Personalized/precision medicine has reached a stage 
where there is no concept of one size fits all. Hence the onus is on the laboratories performing these tests 
to judiciously use the clinical material and perform the test as per the recommended practice after 

Uniformity of 
coverage 

The required level of coverage across the 
targeted regions must be defined. 

The uniformity of coverage must be 
monitored and compared to the 
levels established during the 
validation.  

GC bias GC content affects sequencing efficiency and the 
uniformity of coverage of the targeted 
regions. The extent of GC bias should be 
determined during validation. 

GC bias should be monitored with 
every run to detect changes in test 
performance or sample quality 
issues. 

Base call quality 
scores 

The laboratory must establish acceptable raw 
base call quality score thresholds for the 
assay during validation.  

Quality scores and quality of 
signal/noise ratio should be 
monitored in every run.  

Mapping quality Parameters for mapping quality must be 
established during validation  
Steps should be established to filter reads 
that map to nontargeted regions. 

The proportion of reads that do not 
map to target regions must be 
monitored during each run.  

Duplication rate Acceptable parameters for maximum duplication 
rate should be established for each assay.  

The duplication rate should be 
monitored in every run and for 
each sample independently. 

Strand bias Laboratory must define the tolerance level for 
strand bias and outline specific criteria for 
when alternate testing should be instituted. 

The degree of strand bias must be 
monitored in all samples. 
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thorough validation and analysis of the data. The paramount responsibility is borne by molecular 
diagnostics professional who should correctly identify and classify the variant and release the NGS 
report. The testing laboratories make use of the recommended guidelines as well as relevant literature as 
a learning tool to expand the testing capabilities and utilize them effectively for better patient care 
management.  
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Chapter 3: Advanced Molecular Diagnostic Techniques for Solid Tumours: Integration in Clinical 
Practice 
 
Molecular testing of solid tumors has now become an indispensable component of pathology for both 
diagnostics and research purposes and has potential to facilitate the translation of research into routine 
practice.1 While conventional diagnosis is based on clinical and histopathological features, molecular 
analysis to identify specific markers has become standard of care practice in solid tumour diagnostics for 
decision making thus acting as an adjunct for diagnosis of complex tumors e.g. Soft tissue sarcoma and 
prognosis and treatment decisions for cancers such as Breast and lung cancer.2 Besides the classic 
conventional molecular techniques like polymerase chain reaction (PCR), quantitative PCR, fluorescent in 
situ hybridization (FISH) and sanger sequencing, advancements in molecular genetics, innovation in 
technology have led to increase in the volume and complexity of molecular diagnostic assays at an 
unprecedented rate. 
 
These high throughput techniques such as Multiplex Ligation Dependent Probe amplification (MLPA), 
Droplet digital PCR(DDPCR), Next generation sequencing (NGS), nCounter technology have provided 
seminal insights into the molecular classification of certain tumourse.g., breast cancer, lymphomas, CNS 
tumors.2 

 
These methods have improved sensitivity, accuracy, and detection time. Advanced molecular 
diagnosticsplays substantial role in the clinical molecular testing that uses genomic, epigenomic, and 
transcriptomic-based tools.3 

 

MLPA 
 
Detection of gene deletions/duplications and copy number variations (CNV) have become important 
diagnostic marker in various cancers such as in gliomas, neuroblastomas, breast cancers. Of the different 
methods used for this, MLPA has gained lot of interest in several molecular diagnostic laboratories. It is a 
variant of multiplex PCR which consists of pair of probes complementary to the target sequence and can 
detect up to 50 different target sequences in a single tube assay. MLPA assay can be used not only to detect 
copy number changes but also can detect DNA methylation, small rearrangements, and alterations.4 

 
Clinical Utility 

1. Copy number changes - MLPA assay has helped categorize tumors such as neuroblastomas into high 
and low risk category based on copy number status and segmental chromosomal aberrations.5 Few 
studies have also employed MLPA to detect HER2/neu amplification which is predictive marker for 
breast cancer therapy and shown good concordance with FISH technique.6 
 

DNA methylation - A modification of MLPA i.e., Methylation specific (MS) MLPA has been developed 
for the assessment of methylation status of specific genes such as MGMT, TIMP3, and CDKN2A in 
different solid tumors.7 
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Hereditary cancer - Gene aberrations identified in human cancer predisposition genes (BRCA1, BRCA2, 
etc.) have also been detected using MLPA.8 
 

Droplet Digital PCR (DDPCR) 
 
DDPCR performs massive sample partitioning in which a PCR sample is partitioned into 20,000 droplets 
(using oil in water emulsion principle) containing single DNA fragment. Each droplet contains PCR mix and 
assay primers enabling PCR amplification of the DNA fragment within the droplet. Each droplet is 
subsequently analyzed on droplet reader detecting PCR-positive droplets using fluorescent based detection 
system.DDPCR provides an absolute measure of target DNA molecules with unrivaled accuracy, precision, 
and sensitivity.9  

 
Clinical Utility 

1. Mutation detection: Common hotspot mutation detection such as BRAFV600 in colorectal and 
melanomas, EGFR mutations in NSCLCs and TERT promoter mutations in various solid tumors with 
sensitivity up to0.05-0.01%.10 

2. Monitoring of the disease and routine follow up: Detection of early recurrence and evaluating minimal 
residual disease. For example, detection of resistance mutations such as EGFR T790M and monitoring 
NSCLCs.11 

3. Rare sequence detection: Rare event detection requires the amplification of single gene in a complex 
sample. DDPCR can detect rare mutations or sequences present at frequencies as low as 1 in 100,000.12. 

4. Liquid Biopsy: It will be an integral tool in detecting circulating DNAs and profiling of CTCs obtained 
from liquid biopsies.13 

5. Copy number variation (CNV) and Gene expression and miRNA analysis: DDPCR provides absolute 
quantification of expression levels, especially low-abundance miRNAs, with sensitivity and precision 
and measures absolute quantities of a gene transcript and its abundance in response to stimuli or disease.13 
 

nCounterTechnology 
 
The nCounter technology is a robust and sensitive method developed by Nanostring Technologies which 
enables the counting of unique transcripts in each sample and has significant multiplexing power to 
measure up to 800 RNA, DNA, or protein targets in every sample. It is one of the most powerful 
molecular diagnostic tools for detection of multiple genetic alterations in one run, especially with FFPE 
tissues.nCounter Nanostring technique relies on relatively short pairs of probes and requires minimal 
(~100 ng of RNA) input. This technique employs a unique pair of capture and reporter probe (35-
50bases) which are specific to each gene of interest. A capture probe is coupled with biotinylated tag for 
hybridization process whereas a reported probe is coupled with 6 color code of specific fluorophore. The 
order of these different color fluorophores provides a unique identity to each target gene. This does not 
involve reverse transcription of RNA and enzymatic amplification as the level of expression is directly 
quantified based on number of each specific code hybridized to the RNA sample. This method provides 
a sensitive, easy to use and cost-effective approach for gene expression and molecular studies.14 
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Clinical utility 

This assay has a wide range of potential applications ranging from gene expression to gene regulatory 
pathways studies, ultimately leading to the translation of the data for clinical use.  

1. Fusion detection: Nanostring platform also enables detection of multiple fusion genes with multiple 
fusion partners from FFPE tissues with high sensitivity and specificity. Fusion panels for various solid 
tumors such as non-small cell lung carcinomas, sarcomas, have been developed to detect rare fusions in 
a single reaction.15 

 
 

Table 1: Comparison between MLPA, DDPCR and nCounter technology3 

 
Method  Brief outline of 

method 
Advantages Disadvantages Resolution Main use 

DDPCR  
 

PCR 
amplification 
within droplet 
generated from 
water-oil 
emulsion 

Low DNA 
input required 
 

Minimal 
multiplexing 
ability, cannot 
detect 
polyploidy. 
 

Targets 
regions of less 
than 100 bp 
possible. 

Gene 
expression 
studies, copy 
number 
analysis, 
mutation 
detection 

MLPA PCR 
amplification of 
hybridized probes 
using universal 
primer 

Multiplexing 
capacity 

Good quality of 
DNA required 

150bp Copy number 
analysis, 
Chromosomal 
segmental 
aberrations 
Methylation 

nCounter 
technology 

Absolute 
quantification of 
probes hybridised 
to 
target region 

Multiplexing 
up to 800 
targets, no 
amplification 
involved 

Specific 
instrument 
required 

Detects 0 to 4 
copies 
of minimum 
100 bp 
target regions 

Gene 
expression 
studies, fusion 
detection 

Gene Expression Profiling 

Gene expression profiling is the measurement of the activity of mRNA of multiple target genes to identify 
expression pattern of cellular function. It is widely used for classification, diagnosis, or prognosis of different 
diseases and to determine the treatment options in tumours such as breast cancer. Different approaches are 
currently being used for gene expression profiling viz. qRT-PCR, DNA microarray, nCounter and RNA-Seq, 
each method with its strength and limitations. 
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Clinical utility 

1. Microarrays have been extensively used in gene expression profiling in various solid cancers. One such 
example is Mamma Print 70-gene signature16 which helps in prognosis and predicts the disease-free 
survival and overall survival in lymph-node negative patients.  
 

2. On similar aspects Nanostring has developed PROSIGNA 50-gene assay for risk prediction of breast 
cancer.17Nanostring technology has also been utilized to design 25-gene signature for medulloblastoma 
molecular profiling and is widely being used in routine molecular diagnostics.18 
 

3. NGS has also been used for RNA sequencing for gene expression profiling, tumor specific signature 
development and in transcriptomic studies in lung adenocarcinomas and other solid tumors.19 

 

 
Table 2: Comparison of different methods of gene expression profiling20 

 
Assay qRT-PCR DNA 

Microarray 
NanoStringnCounter Illumina MiSeq 

RNA-Seq 
Primer/probe 
design 

Gene-specific primer 
with attached quencher 
and reporter 
fluorophores; SYBR 
green 

DNA oligo 
probes 
complementary 
to cDNA 
samples 

Capture probe with 3' 
affinity tag and 
Reporter probe with 
colour-coded tag 

Primers on flow cell 
and adaptors to 
ligate to ends of 
sample 

Sample 
preparation 

RNA extraction: reverse 
transcribe sample 

RNA 
extraction: 
reverse 
transcribe 
sample, 
fragmentation 

RNA extraction RNA extraction: 
reverse transcribe 
sample; 
fragmentation, 
library construction 

Reproducible Yes Yes Yes Yes 
Sensitivity 10-200 copies/cell 1-10 

copies/cell 
<1 copy/cell <1 copy/cell 

Number of 
genes or 
transcripts 
detected 

1-100 50 000 800 Whole transcriptome 

Up to sample# 
per assay 

1-96 1-12/array 12 96 

Processing time ~2 days ~1 week ~2 days ~3 weeks 
Normalization 3-5 housekeeping genes Housekeeping 

genes; RMA; 
LOWESS 
method 

Housekeeping genes; 
positive controls 

RPKM 
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Data analysis Absolute and relative 
quantification; standard 
dissociation curve; 
statistical tests 

Visualization; 
statistical tests 

Colour-coded images 
are taken and output 
as code counts 

Data output as 
sequenced reads 
with quality scores 
or read alignments 

 

Methylation Profiling 
 
Epigenetic changes especially methylation has emerged as important biomarker in clinical oncology with 
increased scope in tumour diagnosis, prognosis, and therapy. O6-methylguanine DNA methyltransferase 
(MGMT) promoter in glioblastomas and BRCA1 in breast cancers are the commonly studied markers to 
predict response to chemotherapy. In addition to role in diagnosis and therapy decision, it is now considered 
to be prognostic marker in some cancers.21 Methylation status of MLH2 gene has been already considered 
in classification of colorectal cancer.22 Conventional methylation specific PCR and restriction fragment 
length polymorphism were mostly used by methylation detection of single gene. However, with newer 
technologies of microarray and sequencing, genome wide methylation profiling has become possible. 
Methylation profiling helps to understand the gene regulation pattern and epigenetic mechanism and its 
interactions behind the cancer progress. These methods fall into two broad categories of bisulfite conversion 
based and bisulfite conversion free methods. 

 

Table 3: Comparison of methylation profiling approaches23 

 

Methods Strength Weakness Resolution 
Pyrosequencing -Good for heterogeneous sample 

- Sensitivity till 5% 
-Suitable for both CpG poor and 
CpG rich regions 

High quality primer design 
Requires deeper PCR 
optimization 

~100 bp 

Methylated DNA 
immunoprecipitation 
(MeDIP) 

-Cost-effective 
-No mutation introduced 
-Specific to 5mC/5hmC depending 
on the antibody specificity 
-More sensitive in regions with low 
CpG density than MBDCap-Seq 

-Biased toward 
hypermethylated regions 
-Do not identify individual 
5mC sites 
-Inability to predict absolute 
methylation level 

~100 bp 

Illumina’s Infinium 
Methylation array 

-Cost-effective 
-Do not require a large amount of 
input DNA 

-Human sample only 
-Coverage is highly dependent 
on the array design 
-Substantial DNA degradation 
after bisulfite treatment 

Single base 

Whole genome 
bisulfite sequencing 

Evaluate methylation state of 
almost every CpG sites 

-High cost 
-Substantial DNA degradation 
after bisulfite treatment 
-Cannot discriminate between 
5mC and 5hmC 

Single base 
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Comprehensive 
high-throughput 
arrays for relative 
methylation 
(CHARM) 

-Cost-effective 
-Interrogate CpG sites genome-
wide irrespective of proximity to 
genes or CpG islands 

-Moderate resolution 
-Limited to regions in 
proximity to enzymes’ 
recognition sites 

– 

 

Single Cell Sequencing (SCS) 
 
Next generation sequencing (NGS) has emerged as powerful method for comprehensive mutation profiling 
of multiple targets. Different approaches of NGS such as whole exome sequencing, RNA sequencing and 
targeted sequencing have been used to identify genetic changes. SCS is an advanced approach of NGS cancer 
where sequencing of DNA/RNA from individual tumour cells is performed.24 SCS involves steps isolating a 
single cell, gene amplification of targeted genes, library preparation, followed by subsequent sequencing 
with NGS. SCS has wider applications ranging from genome sequencing, single cell methylation to single 
cell transcriptomics. It provides information about tumour heterogeneity, genomic and expression level 
variability of tumour cells which further guides in precision medicine and helps in detecting rare cancer cell 
types circulating tumour cells and cancer stem cells. 
 

 
Table 4: Clinical utility of SCS25-29 

 
Cancer Type Cell Type Method Reference Details 

Breast cancer 
Primary tumor 
and metastasis 

DNA-
SCS 

Navin et al. 
(2011)26 Tumors grow by clonal expansions. 

Glioblastoma Primary tumor DNA-
SCS 

Francis et al. 
(2014)27 

To study genomic heterogeneity of 
EGFR in glioblastoma. 

Renal cancer 
Primary tumor 
and lung 
metastasis 

RNA-
SCS 

Kim et al. 
(2016)28 

To optimize the anticancer regimen in 
metastatic renal cancer. 

Colorectal 
cancer 

CTC clusters RNA-
SCS 

Cima et al. 
(2016)29 

Tumor-derived endothelial cell clusters 
might provide important information 
about the tumor vasculature. 

 

Beyond Microscopy: Pathology Informatics

https://www.sciencedirect.com/science/article/pii/S073497501730040X#bb0305
https://www.sciencedirect.com/science/article/pii/S073497501730040X#bb0305
https://www.sciencedirect.com/science/article/pii/S073497501730040X#bb0110
https://www.sciencedirect.com/science/article/pii/S073497501730040X#bb0110
https://www.sciencedirect.com/science/article/pii/S073497501730040X#bb0225
https://www.sciencedirect.com/science/article/pii/S073497501730040X#bb0225
https://www.sciencedirect.com/science/article/pii/S073497501730040X#bb0080
https://www.sciencedirect.com/science/article/pii/S073497501730040X#bb0080


 

Page 32 of 64 

 

 

Figure 1: Different Molecular Testing Methods in Cancer Diagnostics30,31 

 

Conclusion 

With these advances in genomic analysis technology, molecular profiling, differential diagnosis followed by 
treatment decision is based on the genetic aberrations identified. Molecular testing has now become an 
essential part of cancer patient’s work up and already integrated into routine framework of diagnostics. The 
rapid development of new high throughput methods with modern fluidics and computational knowledge has 
changed the approach of diagnosis and precision medicine. Use of robust high throughput tools with 
advanced utilities in oncology care will further expand in the future. 
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Chapter 4: Role of Molecular Diagnostics in Precision Oncology: Turning the Tide against Cancer 
 

Background 
 
An ever-expanding understanding of the molecular basis of carcinogenesis armed with sophisticated 
bioinformatic technologies forms the foundation of an era of personalized/precision medicine causing a 
paradigm shift in cancer management.Ever since the completion of the Human Genome Project, scientific 
and technological advancements have been accelerating at an exponential rate, with much of this progress 
being translated into improved patient outcomes.1 

Precision oncology refers to the molecular tumourprofiling for the identification of targetable/ actionable 
alterations.2This depends on the understanding of the molecular pathophysiology of tumorigenesis, coupled 
with the capability of a corresponding diagnostic assay to accurately, reliably detect specific molecular 
biomarkers. Fundamental to the practice of precision oncology is the application of actionable molecular 
biomarkers for the selection of the most appropriate therapeutic agent. In the past 30 years, cancer 
management was exclusively based on tumour histology and stage with an approach of one-size-fits-all. In 
the current era, cancer genomics/ molecular cancer signatures are integrated into tumour classification and 
treatment guidelines with an emphasis on targeted testing and treatment. This has been proven to be 
efficacious and successful in significantly improving clinical outcomes compared to conventional 
chemotherapy and/or radiotherapy with comparatively fewer toxic effects. 
 

Cancer: A heterogenous disease 
 
Cancer is a heterogeneous disease with multiple subtypes which has varied behavior in terms of response to 
therapy and prognosis. Delineation of these subtypes is of immense importance for risk stratification and 
guiding optimal multimodality therapy. Comprehensive analysis by Next generation Sequencing (NGS) has 
revealed remarkable genetic variation between and within different tumors (both intra and intertumoral 
genomic heterogeneity). Hence, identification and quantification of this heterogeneity is crucial for which 
molecular diagnostics is the tool. Morphologically similar looking tumours are different cancers at genomic 
and transcriptomic levels (Figure 1). Though the morphological assessment of tumour remains the 
cornerstone and an irreplaceable tool in the oncopathology practice, molecular pathology is increasing 
becoming an integral component owing to its utility in confirming ambiguous morphologic diagnoses, 
assessing prognostic information, minimal residual disease estimation following treatment and in making 
critical decisions for personalized cancer treatment. Figure 1 depicts the integration of molecular taxonomy 
with the primary tumour site and morphology-based classification, and treatment selection depending on the 
molecular phenotype.3 
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Figure 1: Molecular Heterogeneity in Solid tumours.3 Histomorphologically similar looking 
tumour with varied molecular subgroups and treatment selection depending on the molecular 

phenotype.(Image adapted from  Cowley MJ, et al. J Hepatobiliary Pancreat Sci. 2013 
Aug;20(6):549-56) 

 

Emerging molecular approaches in clinics 
 
Conventional tests such as immunohistochemistry (IHC)and fluorescence in situ hybridization (FISH) are 
fundamental precision medicine tools in daily practice.4 However, as the number of druggable gene 
aberrations and predictive biomarkershas substantially increased in recent years, high-throughput 
technologies, like NGS, have increasingly substituted for conventional single-gene testing 
techniqueplatformsin routine diagnostics.5As NGS enables simultaneous analysis of a broad spectrum of 
genomic alterations, like mutations, copy number variations (CNV), translocations, and fusions in multiple 
genes, it is more efficient, cost and tissue-saving tumor analysis as compared to serial single-biomarker 
analyses.6Given the decreasing costs, turn-around time of NGS, with various user-friendly downstream 
analysis pathways, the clinical interpretation of genomic results and comprehensive genomic profiling is 
increasing day by day.5High- throughput technologies with multimodality approach/ multiplexing has 
entered the main stream of clinical practice owing to the following reasons: 

 
• Diagnostic/Prognostic/Predictive: Cataloguing of mutations and downstream regulators of the pathways 

affected using microfluidic based gene expression-based profiling systems like Nanostring, proteomics. 
• Disease Monitoring: Real time monitoring of the residual disease, assessment of response to treatment 

in most cost effective and less invasive manner using Droplet Digital PCR, especially with liquid 
biopsies. 
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• Recurrent/refractory cancers: To study the underlying mechanism in case of refractory cancers for 
offering therapy by selection of potential actionable targets by genomic profiling of the major genetic 
alterations. 

 
Global genomic analysis has revealed that several core signaling pathways are affected in each single cancer.3 
Figure 2 and 3 shows significantly affected key pathways in lung adeno- and colorectal carcinomas, 
respectively. The somatic genetic alterations frequently occur in genes of the MAPK signaling, p53 
signaling, and mTOR pathways in lung adenocarcinoma;7 while in colorectal carcinoma (CRC), WNT 
signaling pathway is most frequently altered.8(Figure 3) 

 

 

 

Figure 2: Significantly affected key pathways in lung adenocarcinoma with the genomic 
alterations affecting various oncogenes (red) and tumour suppressor genes (blue)7 (Image 

adapted from Ding L, et al. Nature. 2008;455(7216):1069-75) 
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Figure 3: Deregulated signalling pathways in colorectal carcinomas (CRC). This shows diverse 

genomic alterations including somatic mutations, homozygous deletions, amplifications, 
including significant up (red) and down regulation (blue) of genes.8 (Image adapted from Cancer 

Genome Atlas Network. Nature. 2012;487(7407):330-7) 

 
Similarly, with the increasing importance of tumour microenvironment, inflammation and immune 
modulation are recognized as the driving forces playing a crucial role in tumour progression and 
metastases.9With these evolving and dynamic concepts, there is an anticipated increasing trend towards 
evaluation of the circuitry, rather than single molecule; based approach. 

 
Different panels available are as follows: 

PanCancer Pathways Panel to understand cancer biology and pathway deregulation.  

PanCancer Immune Profiling Panelfor detailed immune profiling of tumour/ immune-related transcripts 
deregulation  

PanCancer Progression Panelto investigate cancer progression and metastases.  

 

 

Current state of molecular testing in solid tumours 
 
Most relevant examples of conventional histopathology refined by the molecular data for optimal treatment 
selection include: 
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1. Non-small cell lung carcinoma (NSCLC) as the paradigm of precision oncology 

In recent years, lung cancer has undergone a major transformation integrating precision medicine with 
numerous biomarkers needed for treatment assessment, which is further expected to rise with new 
molecularly defined subsets are identified. All patients with NSCLC should be tested for EGFR, ALK, 
ROS1, BRAF, and PD-L1 at baseline before treatment.10The recommended molecular testing guidelines 
(biomarkers, genomic alterations, technology and tumour types) in NSCLC are mentioned in Table 1.The 
tumours with Programmed death ligand-1 (PDL1) expression (tumor proportion score ≥ 50%) has proven to 
be beneficial from immunotherapy (pembrolizumab).11 

With increasing utilization of targeted therapies, clinical challenge of acquired drug resistance is growing, 
like emergence of the EGFR T790M mutation, which occurs in 50% of patients previously treated with an 
EGFR-TKI.12An emerging field that may ameliorate some tumor sample issues is the testing of circulating 
tumor-specific markers, like circulating tumor cells (CTC) or circulating tumor DNA (ctDNA). Advantages 
of liquid biopsies include minimally invasive procedures and feasibility of repeat biopsies for assessment of 
disease response and monitoring, dealing with issues such as heterogeneity and for tracking minimal residual 
disease.13 To address these complex and evolving issues of emerging resistance mutations, liquid biopsy 
testing methods are evolving. The US FDA has approved the first liquid biopsy–based companion diagnostic 
to detect the T790M resistance mutation in patients whose disease is progressing on EGFR-TKIs, for 
consideration of osimertinib.2Owing to the issue of low sensitivity with liquid biopsies, it is still not ready to 
replace tumor biopsies and cases with negative results for resistance mutation, a tissue biopsy is 
recommended.2 
 

 
Table 1: Recommended Molecular Testing for Non-small cell lung carcinoma (NSCLC)10 

(based mainly on the National Comprehensive Cancer Network Guidelines) 
 

Biomarkers Alteration Technology  Recommendations  Cancer Type 
ALK Gene fusion 

Fusion protein 
Expression 

FISH, NGS, 
RT-PCR 
IHC 

Response to oral ALK 
TKIs; alectinib has 
improved efficacy over 
crizotinib in first line 

Adenocarcinoma, 
large cell, NSCLC 
NOS 

EGFR T790M Mutation NGS, multiple 
mutation 
testing 

Resistant to EGFR TKIs. 
Sensitive to Osimertinib  

Adenocarcinoma, 
large cell, NSCLC 
NOS 

EGFR exon 21 
(L858R, 
L861), exon 20 
(S768I), exon 
18 (G719X, 
G719) 

Mutation NGS, multiple 
mutation 
testing 

Sensitive to EGFR TKIs Adenocarcinoma, 
large cell, NSCLC 
NOS 

EGFR exon 19 Deletion NGS, multiple 
mutation 

Sensitive to EGFR TKIs Squamous cell 
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testing Adenocarcinoma, 
large cell, NSCLC 
NOS 

EGFR exon 20 
7p12 

Insertion 
mutation 

NGS, multiple 
mutation 
testing 

Likely resistant to EGFR 
TKIs 

Adenocarcinoma, 
large cell, NSCLC 
NOS 

ROS1 Fusion 
rearrangement 

NGS, FISH, 
RT-PCR 

Responsive to ROS1 
TKIs 

Adenocarcinoma, 
large cell, squamous 
cell, NSCLC NOS 

KRAS Mutation Gene 
sequencing 

Resistance to EGFR 
TKIs. Poor 
prognosis 
comparedwithKRAS wt 

All NSCLC 

BRAF Mutation, 
V600E 

NGS, 
pyrosequencin
g, 
AS-PCR 

Responsive 
to combined BRAF and 
MEK inhibition 

All NSCLC 

HER2 Mutation NGS, multiple 
mutation 
testing 

Emerging targeted 
agents 

All NSCLC 

MET Amplification, 
mutation 

NGS, FISH Emerging targeted 
agents 

All NSCLC 

RET Fusion, 
rearrangement 

NGS, FISH, 
RT-PCR 

Emerging targeted 
agents 

All NSCLC 

Abbreviations: AS-PCR, allele-specific polymerase chain reaction; FISH, fluorescence in situ 
hybridization; IHC, immunohistochemistry; NGS, next-generation sequencing; NOS, not otherwise 
specified; NSCLC, non–small cell lung cancer; RT-PCR, reverse transcription-polymerase chain 
reaction; TKIs, tyrosine kinase inhibitors; wt, wild type. 

 

Similarly, currently recommended disease specific biomarkers across different solid tumours with predictive 
implications and various FDA approved targeted drugs against actionable alterations are as mentioned in 
Tables 2 and 3, respectively.  

 
Table 2: Recommended Predictive Molecular Testing in Solid Tumours10 

 
Cancer type Biomarker Alteration Technology Recommendations 
Non-invasive and 
invasivebreast cancer, 
stage I-IV 

ER Expression IHC Predictor of response to 
endocrine therapy 

Invasivebreast cancer, 
stage I-IV 

PR Expression IHC Predictor of response to 
endocrine therapy 

Invasivebreast cancer, 
stage I-IV 

HER2 Gene FISH 
 

Predictor of response to 
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Amplificatio
n 
 
Protein 
Expression 

 
IHC 

HER2-targeted therapy such 
astrastuzumab, pertuzumab, 
lapatinib, or 
trastuzumabemtansine 

Invasive 
breast cancer, stage I-IV 

BRCA1 and 
BRCA2 
 

Germline 
mutation 
 

NGS Predictor of response to 
PARPInhibitor 

Invasive 
breast cancer, Stage I, II 
ER-positive/ 
PR-positive, 
HER2-negative 

Oncotype 
Dx 

Gene 
expression 

RT-PCR Prognostic for recurrence in 
lymphnode–negative ER-
positive/HER2-negative; 
predictive ofchemotherapy 
benefit in lymphnode–
negative ER-positive/HER2-
negative 

Metastatic synchronous 
colorectaladenocarcinom
a (any T, 
any N, M1),suspectedor 
Metachronousmetastases 

KRAS/NRA
S 

Mutation NGS Avoid cetuximab 
orpanitumumab treatmentin 
patients who havetumors with 
KRAS andNRAS mutations 
(exons2, 3, and 4 in both) 

Metastatic synchronous 
colorectaladenocarcinom
a (any T, 
any N, M1),suspectedor 
metachronous metastases 

BRAF Mutation 
V600E 

NGS, 
pyrosequenci
ng, 
AS-PCR 

The use of irinotecan in 
combination withcetuximab 
or panitumumabplus 
vemurafenibis recommended 
in allpatients with previously 
treated mCRC 

Gastric, oesophageal, 
and gastroesophageal 
junctioncancers 

HER2 GeneAmplif
ication 
Protein 
expression  

FISH 
 
IHC 

Trastuzumab 

Gastric, oesophageal, 
and gastroesophageal 
junction 
cancers 

PD-L1 Expression IHC Gastric cancer with dMMR 
and HER2-negative status 
exhibited higher PD-L1 
expression 
rates.Pembrolizumab is 
approved 

Pancreatic 
adenocarcinoma 

BRCA1 and 
BRCA2 

Mutation 
(somatic and 
germline) 

NGS PARP- inhibitors. Olaparib 
was approved for the 
treatment of patients with 
germline BRCA-mutated, 
metastatic pancreatic 
cancer that has notprogressed 
after first line, 
platinum-basedchemotherapy 
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Prostate cancers BRCA1 
BRCA2 
 

Mutation 
(somatic and 
germline) 

NGS PARP and other DDR 
enzyme inhibitors 

Prostate cancers ATM Germline 
Mutation 

NGS PARP and other DDR 
enzyme inhibitors 

Melanoma BRAF Gene 
mutation, 
V600E 
Protein 
expression 

NGS, 
pyrosequenci
ng,AS-PCR 
IHC 

To guide therapy  

Melanoma KIT Mutation NGS if targeted therapy is under 
consideration 

Nasopharynx cancer PD-L1 Protein 
expression 

IHC Recurrent, unresectable, or 
metastatic second-line or 
subsequent therapy options: 
pembrolizumab 

Well-differentiated 
liposarcoma, 
dedifferentiated 
liposarcoma 

MDM2, 
CDK4 

Amplificatio
n 

NGS Possible clinical trial with 
CDK4/CDK6 inhibitor 

Abbreviations: AS-PCR, allele-specific polymerase chain reaction; FISH, fluorescence in situ 
hybridization; IHC, immunohistochemistry; NGS, next-generation sequencing; NOS, not otherwise 
specified; RT-PCR, reverse transcription-polymerase chain reaction,DDR, DNA damage repair 
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Table 3: US Food and Drug Administration (FDA) approved biomarker matching targeted 
drugs in routine molecular diagnostic testing5 

 
Gene/protein Drugs Tumour Biomarker Technology 
ALK Crizotinib, ceritinib, 

alectinib, lorlatinib, 
brigatinib 

NSCLC ALK 
translocation 

FISH, IHC 

Androgen 
receptor (AR) 

Abiraterone, 
enzalutamide, 
dalurotamide, 
apalutamide 

Prostate cancer AR expression IHC 

BCL-2 Venetoclax Chronic myeloid 
leukemia 

BCL-2 protein 
expression, 
BCL-2 
amplification/ 
translocation 

IHC, FISH 

BCR/ABL Imatinib, dasatinib, 
nilotinib, 

Chronic myeloid 
leukemia 

BCR/ABL1 
fusion 

IHC (FISH, 
DNA/RNA 
sequencing), 
PCR 

BRAF Dabrafenib+trametinib
,Vemurafenib+cobime
tinib, 
Encorafenib+binimeti
nib 

Melanoma, 
NSCLC, 
anaplastic 
thyroid cancer, 
hairy cell 
leukemia 

BRAF V600E/K 
mutations 

IHC, 
DNASequenci
ng, 
PCR 

BRCA Olaparib, talazoparib, 
rucaparib 

Breast cancer, 
ovarian cancer 

Germline/somati
c BRCA 1/2 
mutations 

DNA 
sequencing 

C-KIT, 
PDGFR 

Imatinib Gastrointestinal 
stromal tumor 

c-KIT Exon 9 
and 11 
mutations, 
PDGFR 
mutations 

IHC, DNA 
Sequencing 

PDGFRB Imatinib Myelodysplastic
/ 
myeloproliferati
ve syndromes 

PDGFRB 
rearrangement 

FISH 

erBB2/HER-2 Trastuzumab, 
pertuzumab, 
ado-trastuzumab, 
emtansine, 
neratinib 

Breast cancer, 
gastric cancer 

HER-2 protein 
expression, 
HER-2 
amplification 

IHC, FISH 
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EGFR Gefitinib, erlotinib, 
afatinib, 
Dacomitinib 

NSCLC EGFR exon 19 
deletion, exon 
21 L858R 
mutation 

DNA 
sequencing, 
PCR 

FGFR2/3 Erdafitinib Bladder cancer FGFR3 
mutations, 
FGFR2/3 
fusions 

DNA 
sequencing, 
FISH 

MET Crizotinib NSCLC MET 
amplification, 
MET exon14 
alterations 

FISH, 
DNA/RNA 
Sequencing 

MSI-H or 
dMMR 

Pembrolizumab 
Nivolumab  
and ipilimumab 

MSI-H or 
dMMR solid 
tumors 
Colorectal 
cancer 

MLH1, MSH2, 
MSH6, PMS2 
protein 
expression, MSI 
high 

IHC, DNA 
sequencing, 
PCR 

NTRK Larotrectinib, 
entrectinib 

Solid tumors 
with NTRK 
fusions 

NTRK protein 
expression, 
NTRK fusion 

IHC, FISH, 
DNA/RNA 
Sequencing 

PI3KCA Alpelisib Breast cancer PI3KCA 
mutation  

DNA 
sequencing 

RET LOXO-292 
(Selpercatinib) 
 

NSCLC, 
medullary 
thyroid cancer 

RET fusion, 
RET mutation 

FISH, 
DNA/RNA 
Sequencing 

ROS1 Crizotinib, entrectinib 
 

NSCLC ROS 
translocation 

FISH, 
DNA/RNA 
Sequencing 

Abbreviations: AR androgen receptor, dMMR deficient mismatch repair, FISH fluorescence in 
situ hybridization, IHC immunohistochemistry, MSI-H high levels of microsatellite instability, 
NSCLC non-small cell lung cancer, 
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2. Site-Agnostic Biomarkers; Microsatellite instability-high tumors and DNA mismatch repair 

Microsatellite instability (MSI) is the result of inactivation of the DNA mismatch repair (MMR) system and 
is characterized by a high frequency of frameshift mutation sin microsatellite DNA. MSI is caused by 
germline mutations in one of the MMR genes(MLH1, MSH2, MSH6, or PMS2), resulting in hereditary 
Lynch syndrome. However, the majority (80%) of MSIcases are sporadic, often because of hypermethylation 
of theMLH1 gene promoter.10 

MSI status has both prognostic and predictive implications and is seen across various solid tumours. Early-
stage tumor with MSI-H status have better prognosis than those with MSI-stable status. The FDA has granted 
approval for check-point inhibitor pembrolizumab for the treatment of patients with unresectable or 
metastatic, MSI-H or MMR-deficient (dMMR) (site-agnostic)solid tumors. Currently, the approval is for 
patients with tumors that have progressed after prior treatment without any satisfactory alternative treatment 
options, as well as for patients with MSI-H or dMMR CRC after progression on a fluoropyrimidine, 
oxaliplatin, andirinotecan, and in the first line for NSCLC.10,14 

 
 

Conclusion 
 
Sophisticated technological improvements and increasing integration of standard clinicopathological 
evaluations with the molecular tumour profiling has remarkably enhanced the diagnosis, prognostication, 
and prediction of clinical outcomes in oncology, but the promise for the future is much greater. The path 
forward in precision medicine is to integrate comprehensive multi-omictumor characterization, dynamic 
monitoring of liquid biopsy samples, annotation that is automated through advancements in artificial 
intelligence (AI) and amalgamation of molecular medicine and AI. 
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Digital Pathology, Computational Pathology & Artificial Intelligence 
 
Chapter 5: Surgical Pathology is going digital! 
 

Digital pathology (DP) is a third revolution in surgical pathology. Whole slide imaging (WSI) allows the 
digitization of an entire glass slide to produce a digital image, which can be maneuvered and navigated akin 
to using conventional optical microscopy (OM). 

The applications of digital pathology are myriad and have a wide range viz. primary diagnosis, second 
opinion, intraoperative frozen section consultation, telepathology, archival, education, quality assurance, 
research and assisted diagnosis by artificial intelligence (AI) algorithms.1 

Adoption of DP for primary diagnosis has been tardy due to multiple barriers viz. adopting change and 
adapting to integration of DP into routine surgical pathology workflow, preparedness of information 
technology (IT), connectivity, interoperability, and fiscal issues. 

The much-needed impetus for primary diagnostic use was provided by US FDA approval for marketing of 
the two Whole Slide Imaging devices viz. PHILIPS (Philips IntelliSite Pathology Solution- PIPS & Ultrafast 
scanner 300 slide capacity) in April 2017 and LEICA (Aperio AT2 DX system 400 slide capacity) in May 
2019.2 

Many guidelines have been developed for validating WSI for diagnostic purposes, which include the College 
of American Pathologists (CAP) recommendations, Royal College of Pathologist (RCP) and Digital 
Pathology Association (DPA).1,3,4. 

 
The key recommendations from CAP guidelines are:  

1. All pathology laboratories implementing WSI technology for clinical diagnostic purposes should carry 
out their own validation studies. 

2. The validation study should closely emulate the real-world clinical environment in which the 
technology will be used. 

3. Validation of WSI systems should involve specimen preparation types relevant to the intended use (e.g., 
formalin-fixed paraffin-embedded tissue, frozen tissue, immunohistochemical staining (IHC), cytology 
slides, hematology blood smears). 

4. The validation study should encompass the entire WSI system. It is not necessary to validate individual 
components of the system. 

5. The validation study should establish diagnostic concordance between digital and glass slides for a 
single observer (i.e., intra-observer variability). 

6. The validation process should include a sample set of at least 60 cases for one application and another 
20 cases for each additional application (eg. IHC) that reflects the spectrum and complexity of specimen 
types and diagnoses likely to be encountered during routine practice. 

7. A waiting period of at least two weeks between the assessment of the WSI and glass slides should be 
arranged. 
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The processes of verification of performance a DP system and its validation for an intended purpose have 
been amply discussed in published literature. The existing literature including large preclinical validation 
studies substantiates the noninferiority of WSI technology for rendering primary diagnosis.5,6 With growing 
interest in the use of DP for routine diagnostics, a number of laboratories have reported successful validation 
and incorporated WSI for primary diagnosis in at least a significant proportion of cases.7,8  A meta-analysis 
of publications regarding WSI compared with light microscopy revealed 355 out of 8069 discordant instances 
(4%), of which 109 cases (32%) were related to diagnosis or grading of dysplasia and 32 cases (10%) were 
ascribed to the inability to find a small object.9 

In the first study of its kind from the Indian subcontinent, on DP evaluation of frozen sections using a portable 
WSI system, it was demonstrated that the difference in diagnostic accuracy between conventional 
microscopy (CM) and WSI was less than 4% between CM and WSI across various specimen types (n = 60) 
and almost perfect inter-observer and intra-observer agreement (k>0.8) was observed for all pathologists 
(n=4) using a portable microscope based single slide scanner; thus proving that WSI was non- inferior to CM 
for FS diagnosis. Turn-around-time observed in this study using WSI for frozen section diagnosis was in the 
range i.e., within 15 minutes in accordance with CAP recommendation.10 We have also demonstrated organ 
site specific diagnostic utility for primary diagnosis of prostatic adenocarcinoma and a comparative 
validation for 4 DPSs for various specimen types. Hence, we endorse the comprehensive validation of the 
DPS not only for primary diagnosis, but also pertaining to the specific indication and desired clinical use. 

The COVID 19 pandemic witnessed the rise of DP and the apex bodies amended their rules to offer maximum 
flexibility to pathologists for clinical use of DP. In light of the COVID-19 public health emergency, the 
temporary waiver of CMS regulations along with FDA nonbinding recommendations has enabled the 
deployment of DP systems where such devices do not create an undue risk.12,13A remote reporting guidance 
published by the RCPath had provided recommended minimum monitor specifications for home reporting 
along with an online link to access to the point-of-use QA (PUVA) tool provided by the Northern Pathology 
Imaging Co-Operative (http://www.virtualpathology.leeds.ac.uk/research/systems/pouqa). This tool tests 
color accuracy, not diagnostic accuracy, and may be a useful indicator of the suitability of a particular screen 
for digital pathology diagnostics. The recent CAP guidance on remote sign-out addresses patient privacy, 
medicolegal considerations, diagnostic procedures that can be reported from remote site, validation before 
engaging in remote sign-out, and the need for SOPs in individual laboratories. The CAP maintains 
recommendations on validation of a DP system for diagnostic use. Verification of a smaller number of 
previously signed out cases from pathologist’s individual homes was suggested as an alternative for complete 
validation, before engaging in live sign-out. The guidance addressed the need to adopt practical alternatives 
to the recommended 2-week washout period and suggested that the laboratories consider washout periods of 
any duration that may be deemed more practical while attempting to control for recall bias.14,15 However, the 
guidance from the Digital Pathology Committee of the RCP recognized that the pathologists even with 
limited DP experience may be able to confidently report some or many cases digitally, without undertaking 
a formal 1–2-month validation, and may do so using risk mitigation approach.15 

India has a nascent policy on telemedicine, and the updated guidance in response to the COVID-19 health 
emergency does not cover telepathology for routine diagnostic services. Validation for intended use is critical 
to ensure that images and data transmitted over an integrated digital platform are adequate for rendering a 
correct opinion. Remote reporting of digital slides might be challenging for pathologists who have not 
validated DP for primary diagnosis.  
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On analysing results of remote home reporting by 18 pathologists on 567 cases from 7 subspecialties, in a 
risk mitigated environment, over a period from 21st March 2020 to 30th June 2020, the overall concordance 
rate was found to be 98.8% owing to 1.2% minor discordance and no major discordance. The pathologists 
used their personal laptops, average network speed of 20 Megabits per second while digitally signing out 
biopsies from home.16 

COVID 19 pandemic has been a defining moment for pathology world, in more ways than one, for not only 
adoption of DP during ongoing pandemic but for overall functioning of pathology departments across the 
globe in the post pandemic era. 
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Chapter 6: Getting ready for Next generation pathology: Digital pathology (DP) and Computational 
Pathology (CP) 
 

Evolving technological advancements, reduced costs and regulatory approval for whole slide imaging (WSI) 
systems have paved way for digital pathology (DP) to move from research and education to routine 
diagnostic workflow.1 All these developments help us move towards replacing microscopes with 
digital pathology systems (DPSs) in the near future.2,3 

DP is a product of complex multi-step processes, involving technical (scanners capabilities, software and 
hardware for viewing and archival of the slides), clinical (specimen type) and organizational (training and 
pathologist’s expertise in DP and institutional information technology (IT) capabilities.4-7 

 

Components of Digital pathology system (DPS): 
 
The basic components for DP includes3,4,6,8 

a. Whole slide imaging scanner which is used to generate and acquire digital images from glass slides 
and image acquisition software used to operate this scanner. It is the heart of digital pathology.  

b. Pathology image storage systems for saving, archiving, managing, and preserving the digital images 
acquired by image input devices. 

c. Image viewing software that allows the observation of DP images through image display devices and 
records measurements or annotations. 

d. Image display devices used for image observation (monitors and displays). 
e. Network or data sharing systems used for transmitting image (Inter/Intranet)  

 

Strategies for adopting DP 
 
Successful adoption of DP needs close collaboration amongst the implementation team members including 
pathologist, laboratory technical staff, IT personnel and hospital administration. Hence, this transition from 
a glass slide to a virtual slide presents collective efforts and considerable logistic and organizational 
challenges. 3,8-14 

 

 

Determination of Key application of DPS 
 
First efforts for adoption of DP should be channelized toward identifying initial key applications of the DPS 
based on realistic requirement. Depending on intended application/s viz. primary diagnosis, teleconsultation, 
research or education, further investments should be directed accordingly.3,9For example, if the intended use 
is routine diagnosis, then a seamless interface between existing hospital systems such as laboratory 
information systems (LIS), electronic medical records (EMR), picture archiving communication systems 
(PACS) and inter/intranet is mandatory. If the system is going to be used for teleconsultation/ second opinion, 
then a high speed secured internet connection is essential. 
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Scanner Selection Strategies 
 
Choosing the right scanner is a key consideration while implementing DP, the decision is primarily driven 
by intended application. With significant improvement in technology and increasing availability of many 
DPSs, it is particularly challenging for the pathologist to select an appropriate platform, which can be easily 
incorporated in the routine laboratory workflow. It is important to consider the following factors while 
selecting a WSI scanner for clinical diagnosis.3,11-15. 

 
1. What volumes of slides need to be scanned? 

What is the intended use? Scanning slides for clinical (e.g., telepathology for intraoperative 
consultations) or nonclinical (e.g., education, research) use? 
 

2. What type of material is being scanned?  
For cytology slides, scan with z-stacking is favoured. What type of glass slides need to be scanned? 
Scanning wet slides (e.g., during intraoperative frozen section, or slides of unusual size (e.g., whole 
mounts) may present challenges with certain scanners. 
 

3. What companion software do I need?  
A DP solution may need specific software to manage clinical workflow, share cases, or perform image 
analysis. 
 

4. Is integration with the LIS important?  
For diagnostic work, WSI-LIS integration is critical to support clinical workflow, bidirectional 
integration with existing information systems, communication protocol (e.g., XML, HL7) between DPS 
and LIS is necessary. 
 

5. What is the budget?  
This is a key question for most of the potential end users in low- and medium-income countries (LMIC). 
Investing in WSI scanners with related direct as well as indirect costs, when return on investment is 
unpredictable, is a major barrier to adoption. 
 

6. What are the formats of the digital files generated? 
Many current WSI scanner file formats are proprietary in nature with separate standards for each with 
limited interoperability. In absence of a fully developed DICOM standard for Pathology WSI, this is 
particularly important if you intend to buy multiple scanners from different companies. In that scenario, 
you might end up with separate silos for each scanner and no single interface to look at all the slides 
scanned. 

Most recent WSI scanners permit high-speed digitization of whole glass slides and produce high-
resolution images. However, there are still differences in scanning time, scan error rate, image resolution, 
and image quality amongst various WSI scanners. Further, they differ with respect to their functionality, 
and image viewing software (IVS) provided by scanner vendors. Thus, understanding the technical 
parameters is extremely relevant for adoption of DP, as they impact digital image quality, work flow and 
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pathologist’s diagnostic capabilities.8,15 Till date, two WSI platforms have so far received FDA approval 
for primary surgical pathology (histopathology) diagnosis in the US including Philips IntelliSite Digital 
Pathology Solution( in April 2017) and Leica Biosystem’s Scanner AT2 DX (May 2020).16  Hence, the 
comparative evaluation of suitable equipment from various vendors should be performed before DPS 
procurement and implementation.15 

 
7. Image database systems i.e., Storage and Retention policies related strategies. 

An image database system comprises a computer system to manage digital image data, a storage device 
such as a server, and image archiving software for efficient retrieval and managing data storage. Local 
storage is usually adequate for applications with very few users and with no need for long term 
retention. It is essential to have a robust, scalable data storage and retrieval platform if handling large 
number of digital cases. Data storage plans should include backup and image retention and/or purging 
policies.11,12 During implementation of an image database system, institutional IT specialists should play 
a participatory role. Their expertise is required for integration with the LIS, EMR, compliance with the 
institution’s information and security policies, seamless interconnection and integration with existing 
PACS.11 Vendor-neutral archive (VNA) might provide the possible solution to overcome the issues 
related to storage and retrieval of the digital images generated from different scanners in future.17 

The type of storage method must include the concept of backup or mirroring to ensure that data are safely 
preserved. Hybrid storage solutions that involve local and cloud-based storage and access, or hub-and-
spoke models for multisite organizations, can be effective strategies.17, 18 

A pathology PACS using an independent server is recommended to accommodate the large size of digital 
pathologic image data and the amount of data transmitted. However, depending on the situation and 
needs of each individual institution, data storage could also be integrated and the same server can be 
utilized as the general institutional PACS.9,11-13 The image database system (or software) should support 
the DICOM format, the standard file format for medical imaging, to ensure compatibility with other 
scanners or PACS. This is a highly recommended feature when implementing image database systems 
to enable future data exchange or transmission to other institutions and combined use with other image 
acquisition/storage devices within the institution.6,9,17. 

Each institution should determine how long digital image data should be preserved, based on its 
requirements and the relevant laws. The guidelines by CAP (USA), RCP (UK), and FAGP (Germany) 
recommend data preservation for at least 10 years, whereas the guidelines from the Japanese Society of 
Pathology (JSP) recommend permanent preservation, for a minimum of 5 years.11-14 

Finally, strict technical measures must be in place to ensure the data security and protect patient 
information regardless of the type of terminal being used. Therefore, measures are needed to ensure that 
transmitted data should not be released outside the network and if transmitted, metadata do not contain 
personal information. A virtual private network (VPN) allows you to access this information from a 
remote location in a secure manner.  
 

8. Image display devices and image viewing software (IVS) related recommendations 
Image display devices, including monitors, are integral part of the imaging chain. Because technologies 
for image display devices are advancing rapidly, it is difficult to define the minimum requirements 
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especially for a DP. Each laboratory can select suitable monitors at their own discretion, with validation 
of the overall performance. Although, medical grade monitors are preferred, they can increase the 
implementation budget exponentially, especially if multiple workstations are required. Few guidelines 
generally recommend the following monitor minimum specifications for DP: horizontal resolution 
≥1,280–2,560 pixels, screen size (diagonal) ≥17– 27 inches, luminance ≥170–300 cd/m2, luminance 
ratio ≥250–1,600:1, pixel pitch ≤0.33 mm, and minimum luminance ≥0.5 cd/m2.11-13 

Rapid advances in wired/wireless networks and mobile technologies are expected to increase WSI 
diagnosis by means of remote systems or portable devices such as tablet, personal computers rather than 
standard monitors. An increase use of these devices was observed recently for remote reporting during 
COVID pandemic.19 When diagnosis is made using portable terminals, the use of a relatively small 
screen of low screen resolution is a major concern. These terminals are generally not reliable for routine 
diagnostic work and can be used for specific use that require rapid reporting of results, such as frozen 
section. 

An efficient and user-friendly IVS is mandatory to shift to digital reporting in routine practice. It should 
be able to run on various platforms suitable for the image display devices used by an institution and 
should also support operation over a network connection. The IVS can be evaluated based on the 
following parameters: overall appearance, ease of navigation, arrangement of cases, panning/zooming, 
annotation tools, photography quality and ability to open multiple slides of the same case. Whether these 
functions can be adequately performed in the workflow of real practice should be determined in advance 
as proposed by Rajaganesan et al.15 Further, the scanner manufacturers often bundle the IVS with the 
scanner, which usually support just the file format created by that scanner. Recently some IVS also 
received independent approval for clinical use by FDA.20,21 If multi-format support is desired then, the 
institution would need to invest long term on vendor neutral IVS, but they usually involve significant 
additional costs.17 Further IVS should preferably be able to deploy algorithms for morphological 
classification, morphometry, tumor grading, and tumor diagnosis and detection.1,6. 
 
 
 

9. Standardized Digital Workflow:  Pre-Imaging Factors & Integration with LIS/ EMR 
Implementation of WSI is not a one-time event but requires ongoing support from an interdisciplinary 
team comprising of pathologists, technologists, institutional IT personnel, and the original equipment 
manufacturer and / or vendor. The success of the program has necessitated specific attention to pre-
analytical (e.g., slide quality), analytical (e.g., scanning), and post-analytical (e.g., pathologist 
interpretation) variables and laboratory accreditation aspects associated with the use of DP for diagnostic 
purposes.18,22 Unless a fundamental change is introduced in how tissue is processed and the workflow is 
standardized, the laboratory cannot achieve a seamless digital workflow. 

The successful adoption of digital pathology is dependent on high-quality pathology slide preparation 
which in-turn is dependent on all steps in the pathology laboratory including fixation, embedding, 
cutting, staining, and slide preparation. Folded tissue section during cutting, staining variation and the 
presence of air bubble during cover slipping as well as different settings of brightness, contrast, and color 
can impact the image quality.  Several pathology laboratories and departments have embarked on 
collaborative quality improvement and established efficient work flow protocols in surgical pathology 
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to take care of the pre-imaging factors to reduce not only digital artifacts, but also the scanner system 
breakdowns.3,18,22 

Once implemented, the transition period from glass slide to image-based diagnostics will be associated 
with its integration with existing laboratory infrastructure, especially those related to a hybrid glass slide-
digital slide workflow. IT support is vital for successful implementation of DPS. The DP system must 
be linked appropriately to the LIS that stores and manages test records in the pathology laboratory and 
the HIS or EMR system that manages patient records in the hospital. The DP system must include 
metadata associated with the digital images [ i.e., overview images (preview, macro-images), scan 
parameters, and data on the scanned area. When the system is linked to the LIS, data such as the test 
number, tissue information, block number, and staining information must be appropriately linked, and 
error free case tracking can be done efficiently. Moreover, the linked systems must be checked to confirm 
the smooth operation of both systems and the link between them under actual workflow conditions3,7,9,17 
Scanners that support an identification function using a barcode or QR code play an important role in 
the automation of pathology laboratories and could help to reduce errors and provide better specimen 
tracking. The ATA (US), Canadian, and European guidelines recommend linkage and management using 
standard methods such as HL7 for this integration. 11-13 

 
10. Validation of the Digital Pathology systems 

An appropriate internal validation study for diagnostic concordance between WSI and conventional 
microscopic diagnosis should be performed before implementing DP into clinical practice as 
recommended by guidelines suggested by major study groups including College of American 
Pathologists (CAP) recommendations, Royal College of Pathologist (RCP) and Digital Pathology 
Association (DPA). The robust comprehensive validation of the whole system will ensure the safe 
implementation and quality assessment of WSI for diagnostic purposes.10-14 

We at Tata Memorial Centre performed a unique comprehensive comparison validation study 
incorporating a 4 different DPSs, a variety of specimen types and cases posing different levels of 
complexity and encompassing each and every component of WSI including technical factors as well as 
diagnostic performance using different DPSs.15 Technical assessment of the various scanners revealed 
that each scanner has its own pros and cons. The overall diagnostic accuracy, when compared with the 
reference standard for OM and WSI was 95.44% (including 2.48% minor and 2.08% major discordances) 
and 93.32% (including 4.28% minor and 2.4% major discordances) respectively. The difference between 
the clinically significant discordances by WSI versus OM was 0.32%. Almost perfect 
(k=>0.8)/substantial(k=0.6-0.8) inter/intra-observer agreement between WSI and OM was observed for 
all specimen types except cytology. Overall, the diagnostic accuracy rate of WSI in this study considering 
major discordances as compared to OM was 97.6%.15 

Based on these validation studies, it can be concluded that WSI is non-inferior to OM for all specimen 
types except for cytology specimens. 15, 23-30 

 

Moving ahead towards computational pathology (CP) 
 
The development of appropriate IVS and a seamless interface connection between existing hospital 
systems such as EMR, PACS, LIS and availability of cheaper storage systems have paved the way for 
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CP.2-4 Hence, CP is a field of pathology that combines pathologic images and metadata from a variety 
of related sources to analyze patient specimens.2,3  CP applications have the potential to transform the 
workflow of pathologist in future, but it may still take a frustratingly long time due to many technical 
and regulatory hurdles. With the rapid advances in the domains of CP and AI, a future ready platform is 
desirable with the ability to deploy algorithms within the same user interface. In order to capitalize sooner 
on the many benefits of adopting AI in pathology, various DP vendors should work together to set 
standards and increase interoperability of DP infrastructure components and software, and such standards 
should be formalized via regulatory guidance.1,6,9,17 Pathology‐specific digital imaging and 
communications in medicine (DICOM) standard, International Color Consortium (ICC) profiles should 
be encouraged across the DP industry, on platform‐agnostic software that could run on any combination 
of operating systems and with any infrastructure architecture. 3,4,31 

Hence, the step toward promoting the adoption of CP in routine pathology practice is to integrate AI 
tools with existing laboratory devices (e.g., WSI, auto‐stainers) and software systems such as LIS, EMR 
so that they can be easily utilized in a real-world workflow.32 Finally, healthcare institutions could be 
encouraged to pool anonymized patient data and make them publicly accessible, so that researchers 
around the world cooperate to develop more accurate diagnostic algorithms.  A unique project on similar 
lines entitled Cancer Imaging Biobank, supported by DBT and NITI Aayog, is ongoing in India to 
complement the data provided by data banks such as TCGA, TCIA, and PathLake. 

 

Conclusion 
 
The technical innovations and regulatory approvals, in the past decade, have advanced DP enough to 
replace conventional microscope. However, this transition from a glass slide to a virtual slide presents 
considerable logistic, fiscal, and organizational challenges. Improved understanding of the current 
challenges for implementation can help prospective users identify the best path for its adoption. Scanner 
selection should be based on intended use, allocated funds, and careful attention should be paid to 
assessing image retention and archival requirements as well as the need for WSI-existing LIS integration. 
Ensuring adequate training and performing appropriate validation studies will help enhance the safe 
adoption of this technology for routine diagnostics. Moreover, the WSI/DP acts as a springboard for 
development of CP and AI empowering pathologists to derive novel insights into cancer biology and 
precision medicine. 
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Chapter 7: Computational Pathology & Artificial Intelligence 
 

Computational pathology (CP) and artificial intelligence (AI) are related and overlapping domains 
which are some of the major forces driving the adoption of Digital pathology (DP) in routine practice. 
They rely on being able to extract many-fold more information per unit pixel area from a histopathology 
slide than what is possible by visual examination alone. Coupled with expert pathologist interpretation 
of these results, these two areas are set to revolutionize pathology practice dramatically. Further, these 
enhanced capabilities have implications not just to the pathologist but also to the treating physician, the 
information technology team, and the hospital administrator. 

To fully utilize these capabilities, it is essential for the pathologist to understand the strengths, 
limitations, and potentials of these two domains. Used appropriately, these tools have the capability of 
enhancing the pathologist’s capabilities beyond traditional limits. In this short account, we put forth the 
applications that are knocking at the pathologist door-step to be included in the workflow and also 
attempt to highlight the issues that the pathologist needs to be aware about in-order to utilize them 
optimally. We also put forth some of the reasons why these applications have not yet made their way 
to the clinic. 
 

Applications in Routine Diagnostics and Workflow Enhancements 
 
The pathologists perform several tasks when they see a slide, integrating information from multiple 
slides, immunohistochemistry, molecular pathology and correlating with clinical and radiological 
information to arrive at a set of interpretations. Computational methods can enhance each step of this 
way, enhancing reproducibility, accuracy, and precision. 

Some of the most elementary tasks are the quantitative and screening tasks. 
 

1. Screening lymph nodes for metastases 
 
Detection of metastases, counting the number of nodes involved and measuring the size of the 
metastases are important tasks in the performing TNM staging and providing prognostic information in 
the pathology report. While detecting large metastases is a low-lying fruit, detecting micrometastasis 
and isolated tumor cells is a significantly labor-intensive process. The Camelyon Challenges originating 
from the Radboud University Medical College and University Medical College, Utrecht, have been 
pushing the boundaries of level of accuracy and precision as well as amount of information that can be 
derived by computational methods and enhancing the pathologist workflow.1,2 However, there are no 
algorithms in use for clinical practice and these algorithms currently exist only for research use. 

 
2. Quantifying immunohistochemical expression 

 
Immunohistochemical quantification of predictive and prognostic biomarkers such as ER, PR, 
HER2neu, Ki67 are some of the routine tasks conducted by pathologists but have high inter-observer 
variability and are user experience dependent.3 Further the process is repetitive and time consuming. 
Several tools exist which allow quantifying immunohistochemical expression of nuclear, membranous, 
and cytoplasmic staining with exceedingly high accuracy, precision, and reproducibility. Some of these 
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are available as commercial tools and have US FDA 510(k) pre-market notifications approved analysis 
algorithms,4,5,6 often based on proprietary DP platforms. In addition, many open-source tools exist 
which can be adapted, validated, and then incorporated in research practice. 
 

3. Segmenting and counting mitoses 
 
This task is a relatively difficult task with no US FDA approved algorithms as of today. However 
custom research workflows and algorithms exist which are available for research use.7,8. 

 
4. Other quantification tasks 

 
Quantifying different types of tissue areas, cell types etc. is largely a research task with limited 
applications in clinical practice. Several research workflows exist within open-source platforms which 
permit such quantifications.9,10. 
 

5. Grading assist tools 
 
Many workflows are at various stages of development in the research setting to assist the pathologist in 
the grading of tumors. Examples include algorithms which can calculate prostate cancer11, brain tumor12 
and breast cancer grades13 with relatively high accuracy. However, none are currently available as 
commercial tools. 
 

6. Predicting genomic, proteomic and outcome information from H&E images 
 
A number of workflows have been developed in the research setting which are able to predict 
immunohistochemistry results14, genomic test results15 and outcome data from H&E slide images.16,17 
However, these algorithms are not yet ready for clinical use and need further validation. 
 

7. Histological quality control 
 
As DP becomes more widely accepted, automated tissue and stain quality assessment tools will become 
of great importance and practical relevance. There is one opensource tool being developed and is 
currently available for research workflows.18 

Challenges 
 
Several challenges exist for the rapid and widespread uptake of AI algorithms and other computational 
pathology methods in clinical and research practice.  
 

1. Image Standards, file formats and Colour Normalization: 
 
Most scanner systems available today in the market have proprietary file formats. There is a consistent 
drive towards interoperable systems and towards the development of interoperability standards such as 
the DICOM standard for Pathology.19 However, these are still not fully implemented. Image and colour 
reproductions currently are largely applied in the sRGB colour profiles. While this colour gamut is 
usually enough for routine diagnostics, these may have significant implications for deep learning.20 
Further variation in colour across scanners, laboratories and display systems also affect the results of 
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the deep learning algorithms. Many methods have been developed to perform colour normalization so 
that results are reproducible across the various scanners and laboratories.21 
 

2. Pre-Imaging factors 
 
One of the most crucial factors affecting applicability of algorithms and success of DP is the quality of 
the pathology slide. Laboratory practices affecting fixation, processing, cutting, staining and the raw 
materials used in performing these processes affect the whole slide image quality dramatically. 
Essentially, it follows the garbage in garbage out (GIGO) concept. Hence these laboratory factors 
cannot be ignored if one intends to take up DP and CP methods in clinical as well as research practice. 
Collaborative quality improvement i.e., to successfully implement DP, CP, and AI, improve quality of 
surgical pathology, is the key!  
 

3. Generalizability of algorithms 
 
One emerging hurdle faced by deep learning scientists today is the generalizability of the algorithms 
developed in one part of the world or one organization to another organization or laboratory in another 
part of the world. There are factors over and above the quality of the whole slide images, pre-imaging 
factors and technological differences that affect generalizability. These factors include differences in 
the disease profiles and patient characteristics in view of different environmental factors, racial and 
ethnic features, variations in treatment regimens and approaches. Hence multi-institutional training and 
validation of algorithms across different geographies is essential before an algorithm is introduced into 
clinical practice at any organization. 
 
 

Tools for Digital Pathology, Computational Pathology and Artificial Intelligence 
 
For the machine learning scientist and analytically and programmatically inclined pathologist, Python 
and its numerous libraries such as NumPy, TensorFlow, Keras, Scipy, etc., MATLAB, and 
programming tools such as Jupyter notebook, Google Colab are excellent and form the basic building 
blocks on which they can explore, build and validate algorithms and tools. 

For the less programmatically inclined pathologist and those who prefer graphical user interfaces, many 
open source and proprietary tools are available.Qupath, Aperio Imagescopeand ORBITare some of the 
basic tools for viewing WSI, performing and managing annotations and performing quantitative image 
analysis. Qupath and ORBIT also allows you to build train and validate algorithms for basic image 
processing tasks. 

For image management:ORBIT andQupath allows you to manage images within projects along with 
slideviewer which opens file formats supported by the OpenSlide library. If you are looking for basic 
viewers which can open nearly all WSI file formats from your desktop, then Pathomationoffers a free 
simple WSI viewer which opens nearly all image formats currently available in addition to plugins to 
integrate the viewer with Qupath, Moodle and other platforms.Guided and self-paced tutorials are 
available on YouTube, Coursera, Swayam, and other learning platforms for those looking for an 
introduction to the topic and step-by-step tutorials. More extensive server-based deployments are also 
possible for ORBIT and Pathomation.  
 

Beyond Microscopy: Pathology Informatics



 

 

                                                                                                                                                    Page 62 of 64 
 

Online platforms which allow to perform one or more of these tasks exists. For those interested, please 
check outwww.pathpresenter.net&https://ai.pathpresenter.net/. Apart from these free/freemium 
services/platformsthere are many premium platforms (e.g. Gestalt, Qritive, Sectra and many more) 
which offer vendor/file format neutral image support, annotation platforms, sharing, conferencing 
capabilities and integration with educational tools.In addition, multiple WSI image format support is 
possible for people looking to build their own solutions for their institutions or personal use via libraries 
provided by Pathomation, Zoomify, OpenSlide, OpenLayers,ORBIT etc. A unique platform (iCore) is 
provided by Indx.Ai which supports integrated analysis of -omics data such as NGS, proteomics, etc. 
along with digital pathology, radiology and clinical information. 
 

Conclusion 
 
Computational pathology is still largely in a research mode. Quantitative immunohistochemical analysis 
tools are available for clinical use and are dependent on the availability of scanned whole slide images. 
As adoption of digital pathologyincreases, computational pathology and deep learning-based algorithms 
are seeking the Pathologist’s and Oncologist’s attention. Over the next few years, we expect many 
computational pathology and deep learning-based tools and algorithms to be available for clinical and 
research use. It is imperative that pathologists as well as researchers familiarize themselves with these 
technologies and understand the strengths, weaknesses and complexities involved in using them to 
further pathology practice and precision medicine. 

 

 

 

Beyond Microscopy: Pathology Informatics



 

 

                                                                                                                                                    Page 63 of 64 
 

References 
 

1. EhteshamiBejnordi B, Veta M, et al; the CAMELYON16 Consortium. Diagnostic Assessment of 
Deep Learning Algorithms for Detection of Lymph Node Metastases in Women With Breast 
Cancer. JAMA. 2017 Dec 12;318(22):2199-10.  

2. Bándi P, Geessink O, Manson Q et al. From Detection of Individual Metastases to Classification of 
Lymph Node Status at the Patient Level: The CAMELYON17 Challenge. IEEE Transactions on 
Medical Imaging 2019; 38: 550-60. 

3. Chung YR, Jang MH, Park SY, Gong G, Jung W-H, Korean Breast Pathology Ki-67 Study Group. 
Interobserver Variability of Ki-67 Measurement in Breast Cancer. J PatholTransl Med. 
2016;50(2):129–37. 

4. VIRTUOSO system for IHC Ki-67 (30-9) [internet].  
5. PATHIAM System with IScan For P53 And Ki-67 [Internet].  
6. VENTANA image analysis system - pathway HER2 (4B5) [Internet]. Available from: 

https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpmn/pmn.cfm?ID=K061613 
7. Lu C, Mandal M. Toward automatic mitotic cell detection and segmentation in multispectral 

histopathological images. IEEE J Biomed Heal informatics [Internet]. 2014 Mar;18(2):594–605.  
8. Li C, Wang X, Liu W, Latecki LJ. Deep Mitosis: Mitosis detection via deep detection, verification, 

and segmentation networks. Med Image Anal [Internet]. 2018 Apr;45:121–33.  
9. Stritt M, Stalder AK, Vezzali E. Orbit Image Analysis: An open-source whole slide image analysis 

tool. Carpenter AE, editor. PLOS Comput Biol [Internet]. 2020 Feb 5;16(2):e1007313.  
10. Bankhead P, Loughrey MB, Fernández JA, et al. QuPath: Open source software for digital 

pathology image analysis. Sci Rep [Internet]. 2017 Dec 4;7(1):16878.  
11. Bulten W, Pinckaers H, van Boven H, et al. Automated deep-learning system for Gleason grading 

of prostate cancer using biopsies: a diagnostic study. Lancet Oncol. 2020 Feb;21(2):233–41.  
12. Ertosun MG, Rubin DL. Automated Grading of Gliomas using Deep Learning in Digital Pathology 

Images: A modular approach with ensemble of convolutional neural networks. AMIA . Annu Symp 
proceedings AMIA Symp. 2015;2015:1899–908.  

13. Nahid A-A, Kong Y. Involvement of Machine Learning for Breast Cancer Image Classification: A 
Survey. Comput Math Methods Med [Internet]. 2017;2017:1–29.  

14. Anand D, Kurian NC, Dhage S, et al. Deep Learning to Estimate Human Epidermal Growth Factor 
Receptor 2 Status from Hematoxylin and Eosin-Stained Breast Tissue Images. J Pathol Inform. 
2020;11:19.  

15. Coudray N, Ocampo PS, Sakellaropoulos T, et al. Classification and mutation prediction from non–
small cell lung cancer histopathology images using deep learning. Nat Med. 2018 Oct 
17;24(10):1559–67.  

16. Lu C, Lewis JS, Dupont WD, Plummer WD, Janowczyk A, Madabhushi A. An oral cavity 
squamous cell carcinoma quantitative histomorphometric-based image classifier of nuclear 
morphology can risk stratify patients for disease-specific survival. Mod Pathol [Internet]. 2017 Dec 
4;30(12):1655–65.  

17. Kumar N, Verma R, Arora A, et al. Convolutional neural networks for prostate cancer recurrence 
prediction. In: Gurcan MN, Tomaszewski JE, editors. 2017. p. 101400H.  

18. Janowczyk A, Zuo R, Gilmore H, Feldman M, Madabhushi A. HistoQC: An Open-Source Quality 
Control Tool for Digital Pathology Slides. JCO Clin cancer informatics [Internet]. 2019;3:1–7.  

19. DICOM Whole Slide Imaging (WSI) [Internet]. http://dicom.nema.org/Dicom/DICOMWSI/ 
20. Cheng W-C. Reproducible color gamut of hematoxylin and eosin stained images in standard color 

spaces. J Pathol Inform [Internet]. 2020;11(1):36.  

Beyond Microscopy: Pathology Informatics



 

 

                                                                                                                                                    Page 64 of 64 
 

21. Sethi A, Sha L, Vahadane A, et al. Empirical comparison of color normalization methods for 
epithelial-stromal classification in H and E images. J Pathol Inform [Internet]. 2016;7(1):17.  

 

  

Beyond Microscopy: Pathology Informatics




	Cover-Page-06
	MASTER EBM_FINAL_BEYOND MICROSCOPY
	References
	I) Types of NGS assays
	II) Sequencing Platforms
	III) NGS workflow

	Importance of NGS Bio-informatics Pipeline
	Variant Interpretation
	References
	MLPA
	Droplet Digital PCR (DDPCR)
	nCounterTechnology
	Methylation Profiling
	Single Cell Sequencing (SCS)
	Conclusion
	References
	Background
	Cancer: A heterogenous disease
	Figure 1: Molecular Heterogeneity in Solid tumours.3 Histomorphologically similar looking tumour with varied molecular subgroups and treatment selection depending on the molecular phenotype.(Image adapted from  Cowley MJ, et al. J Hepatobiliary Pancreat Sci. 2013 Aug;20(6):549-56)
	Emerging molecular approaches in clinics
	Figure 2: Significantly affected key pathways in lung adenocarcinoma with the genomic alterations affecting various oncogenes (red) and tumour suppressor genes (blue)7 (Image adapted from Ding L, et al. Nature. 2008;455(7216):1069-75)
	Figure 3: Deregulated signalling pathways in colorectal carcinomas (CRC). This shows diverse genomic alterations including somatic mutations, homozygous deletions, amplifications, including significant up (red) and down regulation (blue) of genes.8 (Image adapted from Cancer Genome Atlas Network. Nature. 2012;487(7407):330-7)
	Current state of molecular testing in solid tumours
	Table 1: Recommended Molecular Testing for Non-small cell lung carcinoma (NSCLC)10 (based mainly on the National Comprehensive Cancer Network Guidelines)
	Conclusion
	References
	References
	Components of Digital pathology system (DPS):
	Strategies for adopting DP
	Determination of Key application of DPS
	Scanner Selection Strategies
	Moving ahead towards computational pathology (CP)
	Conclusion
	References
	Applications in Routine Diagnostics and Workflow Enhancements
	Challenges
	Tools for Digital Pathology, Computational Pathology and Artificial Intelligence
	Conclusion
	References

	Back Cover



