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Key Objectives
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• Cytology provides the versatility of specimen preparations that offer a 
variety of options for molecular testing

• A multitude of pre-analytical factors impact tissue quality and the success of 
molecular testing

• The pathologist plays a key role in triage and specimen handling that can 
improve the success of molecular testing



Key Element of Specimen Selection

Role of the pathologist in specimen selection is finding the best fit 
(molecular assay) for the sample

• Modulate the specimen to fit the assay

• Modulate the assay to fit the specimen
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Mutation Analysis Assay Design is a 
Balancing Act

Most mutational assay design is a balancing 
act between Clinical and Analytical Sensitivity

4



Mutation Analysis Assay Design is a 
Balancing Act

5

- The test can identify needles of 
many different colors, but need to 
exist at a relatively high level

- The test can identify only a few 
colors of needles, but can pick them 
out even when they are very rare

Analytical Sensitivity:
How sensitively can the test detect a 

rare change in a background of normal?

Clinical Sensitivity:
How many of the possible changes 

does the test detect?

Pic courtesy: Dara L Aisner MD PhD, University of Colorado



Sanger Sequencing
Low Analytic/High Clinical Sensitivity

Clinical 
Sensitivity

Analytic 
Sensitivity

• High clinical sensitivity: Sanger sequencing should detect ALL potential changes

• Analytic sensitivity is among the lowest of all testing methods: ~15-20% of 
alleles need to be mutant to be detected reliably
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Real-time PCR
High Analytic/Low Clinical Sensitivity

Clinical 
Sensitivity

Analytic 
Sensitivity

• Can have a very high analytic sensitivity (~1-5% allelic)
• The mutations identified are strictly those which are part of the assay design 

(low clinical sensitivity)
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Next Generation Sequencing:
A Multiplexed Assay for Clinical Testing

8



Next Generation Sequencing
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Molecular Testing: The Analytics
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Molecular Diagnostics in an Era of Targeted Therapy

Targeted therapy and evaluating 
multiple markers in tumor specimens

Limited sample size

Doing more with less

Turn around time
Timely and accurate reporting

Challenges:
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How Often are Small Specimens Inadequate for 
Biomarker Testing?
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• Depends on the number of different tests (genes, 
assays) that are required

• Depends on the adequacy of the tissue obtained 
(viability, cellularity, tumor fraction etc.)

• Depends on how the tissue is handled



How Often are Small Specimens Inadequate for 
Biomarker Testing?
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10 targets + TMB+ MSI



How Often are Small Specimens Inadequate for 
Biomarker Testing?
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Reference: Leighl et al. Clin Cancer Res 2019;25:4691-4700



How Often are Small Specimens Inadequate for 
Biomarker Testing?
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Reference: Faber et al. J Clin Pathol. 2021 May 5:jclinpath-2021-207597. 
doi: 10.1136/jclinpath-2021-207597. 



How Often are Small Specimens Inadequate for 
Biomarker Testing?
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• Depends on the number of different tests (genes, 
assays) that are required

• Depends on the adequacy of the tissue obtained 
(viability, cellularity, tumor fraction etc.)

• Depends on how the tissue is handled



How Often are Small Specimens Inadequate for 
Biomarker Testing?
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How Often are Small Specimens Inadequate for 
Biomarker Testing?
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• Depends on the number of different tests (genes, 
assays) that are required

• Depends on the adequacy of the tissue obtained 
(viability, cellularity, tumor fraction etc.)

• Depends on how the tissue is handled



Case Example 1
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A. <20%
B. 20-30%
C. 30-40%
D. 40-50%
E. None of the above
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Issues with Low Tumor Fraction Samples

Detecting a clinically relevant mutation at a low VAF in a 
low tumor sample:
• Call? (confidence of real call vs artifact/noise) 
• Confirm? (High sensitivity orthogonal platform)
• Ignore? (potential patient care problem)
• Cancel? (patient needs rebiopsy)

Tumor sample

Normal control

Reference seq



Issues with Low Tumor Fraction Samples

Detecting a clinically relevant mutation at a low VAF 
in a low tumor sample that is reproducible vs not:
• Call? (confidence of real call vs artifact/noise) 
• Ignore? (potential patient care problem)
• Cancel? (patient needs rebiopsy)



• Patient with lung adenocarcinoma
• Known EGFR mutation 
• Progression on TKI therapy
• Suspecting EGFR resistance

23Allelic Frequency <10%

Case Example 2
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Allelic Frequency 
• Sensitizing mutation 25%
• Resistance mutation 10%

Case Example 2



25Reference: Roy-Chowdhuri S, Chen H, et al. Mod Pathol. 2017 Apr;30(4):499-508.

Tumor Fraction: FNA versus CNB

FNA samples are inherently enriched in tumor cells
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• FNA samples are inherently enriched in tumor cells

• FNA samples had lower numbers of underperforming amplicons

• Normalized average amplicon coverage is significantly higher in FNA samples

Mod Pathol. 2017 Apr;30(4):499-508.

Cytology Samples Provide Excellent Substrates for NGS



Smears/LBP show better quality 
metrics than FFPE

• higher mean insert size
• higher mean target coverage
• higher percent usable bases
• lower duplication rate
• lower post-shearing fragment size
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Cytology Samples Provide Excellent Substrates for NGS



What about Fluorescence In-situ 
Hybridization (FISH) in Cytology?
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FISH in Cytology
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• Can be performed on a variety of cytology specimen preparations

• Minimum requirements (number of cells) are assay dependent 

• Tumor fraction less of a concern

• Tumor nuclei have to be easily distinguished from background cells by DAPI stain

• Cytology smears, cytospins, LBC have whole nuclei and therefore no truncation 
artifact as seen with FFPE sections



FISH in Cytology
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Biomarker Testing by IHC in Cytology
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Actionable Biomarker Testing by IHC
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• It is becoming increasingly common for actionable biomarker 
testing by IHC (e.g. ALK, ROS1, BRAF V600E, PD-L1, MSI) 
emphasizing the need for appropriate validation

Arch Pathol Lab Med. 2014 Nov;138(11):1432-43. doi: 10.5858/arpa.2013-0610-CP. 

Update 
coming



Actionable Biomarker Testing by IHC
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Reference: Goldsmith JD et al., Adv Anat Pathol. 2015 Nov;22(6):384-7.

Update 
coming



Biomarker Testing by IHC in Cytology 
May Require Optimization
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• Methanol-based fixation can decrease IHC accuracy by loss or decrease of 
immunogenicity when formalin-optimized protocols are used 

• Some studies report post-fixation of alcohol-fixed specimens in formalin 
may restore immunogenicity 

• Therefore, rigorous validation and protocol optimization are critical for 
immunostaining cytologic specimens

Reference: 
Sauter JL et al., Cancer Cytopathol. 2016 Feb;124(2):89-100.
Kinsella MD et al. Diagn Cytopathol. 2013 Mar;41(3):192-8.
Jain D et al. Cancer Cytopathol. 2019 May;127(5):325-339.



Which Cytology Specimen Requires 
Additional Validation?
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• Cytology direct smear 

• FFPE cell blocks of effusion specimens sitting in fridge O/N

• Cellient cell block

• FFPE cell block of FNA collected in RPMI/ CytoLyt/ saline/ ethanol 



Molecular Cytopathology:
Integrating Cytology and Molecular
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Three Cardinal Rules of Molecular Cytopathology
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• Know your test

• Know your specimen

• Know the clinical relevance

Sinchita’s Rule of Three



Three Cardinal Rules of Molecular Cytopathology
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Know your test

Molecular assay
- Assay design, capabilities, limitations
- Analytical versus clinical sensitivity

Specimen adequacy
- Selecting the best specimen for testing
- Modulating the specimen for the assay

Correlation
- Recognizing false negative/positive
- Clinical significance of the findings

Know your specimen Know the clinical relevance



Harnessing the Power of Molecular 
Cytopathology
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Molecular Testing in Thyroid Cytology

• FNA preferred sampling 
modality

• Non-diagnostic/indeterminate 
rates are relatively high 



Nishino M, Nikiforova M. Arch Pathol Lab Med. 2018 Apr;142(4):446-457. doi: 10.5858/arpa.2017-0174-RA. 

Molecular Testing in Thyroid Cytology

Not Malignant



The Power of Molecular Cytopathology
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Genomic alterations without a malignant diagnosis

• Atypia: e.g. Gyn cytology, urine cytology



The Power of Molecular Cytopathology
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Genomic alterations without a malignant diagnosis

• Negative for malignancy: pancreatic cyst fluid

References: 
Singhi AD, McGrath K et al. Gut. 2018 Dec;67(12):2131-2141.
Theisen BK et al. Surg Pathol Clin. 2016 Sep;9(3):441-56. doi: 10.1016/j.path.2016.04.008



Utilizing Residual Liquid-Based Samples
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Doxtader EE et al. Arch Pathol Lab Med. 2019 Jun;143(6):670-676. Tian SK et al. Arch Pathol Lab Med. 2016 Nov;140(11):1200-1205. 



Cytology Specimens May Serve as a Liquid 
Biopsy Testing Option

Siravegna, G. et al. Nat. Rev. Clin. Oncol. doi:10.1038/nrclinonc.2017.14



Next Generation Molecular Cytopathology



Next Generation Molecular Cytopathology



Less is More. Less is Faster and Cheaper



Molecular Cytopathology 
Summary
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• Lack of awareness regarding utility of cytology specimens for 
molecular testing

• Lack of standardization across cytology laboratories for 
specimen processing

• Reluctance of molecular labs to validate a variety of cytologic 
specimen preparations

• Overall reluctance of cytopathologists to sacrifice irreplaceable 
cytologic smears from the diagnostic archives

50

Cytology is an Underutilized Goldmine 
of Genomic Data



The Pathologist Plays a Key Role in the 
Success of Molecular Testing
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• The pathologist plays a key role in specimen handling that can 
improve the success of molecular diagnostics

• Be the bridge between the clinical team and the molecular lab
1. Know your test 
- Modulate the platform for the specimen (high analytic sensitivity)
2. Know your specimen
- Modulate the specimen for the platform (tumor enrichment)
3. Know your clinical team
- Prioritize testing to answer clinically relevant questions
4. Know the limitations
- Be prepared to make molecular cytopathologic correlations



The Pathologist Plays a Key Role in the 
Success of Molecular Testing
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Why does this matter?
• Rendering an accurate diagnosis: sampling, accessioning, processing, 

interpretation

Team work is critical for patient care

• Molecular testing and reporting also relies on teamwork

• Molecular test results are key determinants for therapeutic decisions 
and patient outcome
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Pathologists Need to be “Integrative Diagnosticians”

Greg Fuller, MD PhD



Pathologists are the gatekeepers for ensuring the 
patient is matched to the appropriate treatment
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Questions?

Thank You

@Sinchita_Roy sroy2@mdanderson.org
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