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Disclosures

• I am a molecular pathologist and not a bio informaticist.  I will do my best to 
explain the bioinformatics components of the technology in my talk, but to 
implement any of these techniques in your laboratory there is a need for coding 
and bioinformatics skills. 

• Much of the work presented here is still unpublished data.  Please do not share 
or post this data on social media websites.
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Objectives

• Brief History of methylation classifiers

• Overview of laboratory workflow and how the methylation array 
works

• Our approach of how to build and train a classifier

• Clinical cases from our laboratory highlighting the utility and pitfalls 
of the technology
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History of Methylation 
Classifiers
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Background on Methylation Array
CNS Methylation classifier‐ 2018

11/7/2023

First classifier by the DKFZ group 
in 2018 published in Nature.  
Showed there were 91 distinct 
groups of CNS tumors that cluster 
on t‐SNE.  Since then it has 
expanded to more than 120 
subclasses in most recent version 
of this classifier on their website. 

Some of these novel classes have 
made it into the WHO for CNS 
tumors in 2021
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Northwestern CNS classifier

6
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Sarcoma Methylation classifier (2021)

• 65 initial classes of 
bone and soft 
tissue tumors

• Many were WHO 
classified and had 
two novel entities

11/7/2023 7

Northwestern Experience and Beyond

• Sarcoma Methylation Classifier

- Utilized DKFZ validation data cohort to re‐create classifier in house

- Also used some in house cases to supplement this data and for additions of 
additional classes

• Carcinoma of Unknown Primary Classifier

- Utilization of TCGA methylation array data and in house cases 

- Some carcinomas are not well represented in TCGA data and needed to be 
added

• Hematologic Neoplasms

- Other institutions (NIH, UPenn) have been working on this as well‐ no 
clinically available test to date

8
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t‐SNE and Classifier for Sarcomas

AUC=0.855

Predicting cancer origins with a DNA methylation-
based deep neural network model

Zheng C, Xu R (2020) Predicting 
cancer origins with a DNA 
methylation-based deep neural 
network model. PLOS ONE 
15(5): e0226461.



11/7/2023

6

Multi Cancer Early Detection

From: Annals of Oncology 2021 321167‐1177 DOI:(10.1016/j.annonc.2021.05.806) 11

12

t‐SNE and Classifier for Carcinomas of Unknown Primary

AUC=0.952
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Laboratory Workflow

How to Measure DNA Methylation

• Modify unmethylated 
DNA with bisulfonate

• Selectively convert 
C>U

• Design PCR primers 
to amplify 
“methylated” template

* *
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Why does the conversion matter?

15

• Conversion of C ►U in bisulfite conversion 
process changes C-G pairing to A-T base 
pair

• This change from C-G to A-T is detectable 
on PCR, Microarray, and sequencing 
methods

Methylation microarray bead types

16

• Two types of beads present on array chip

• First type: has beads specific for the 
methylated and unmethylated sites.  
Patient DNA fragment must match 
methylated/unmethylated status of the 
bead type in order for single base 
extension to occur

• Second type: The single base extension 
happens at interrogation site of methylation 
status. Fluorescence color tells status
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Hybridization

Extension-Staining
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Scanning

Day 1
(pre‐amp)

• QC

• Denature gDNA and bisulphite conversion 

Day 2
(pre‐amp)

• Clean up bisulphite conversion reagent

• FFPE restoration protocol 

• DNA amplification (overnight)

Day 3
(post‐amp)

• DNA fragmentation, precipitation and resuspension

• Hybridization of DNA to the BeadChips (overnight)

Day 4

• Wash the BeadChips

• Single base primer extension and staining of BeadChips

• Wash and scan

Clinical Workflow
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Building A Classifier

Unsupervised Clustering and 
Visualization

Signal 
Normalization

Select probes

Generate 
Beta Values

Unsupervised 
clustering

Visualize with 
t‐SNE Plot
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t‐SNE Plot

Chiesa, M., Maioli, G., Colombo, G.I. et 
al. GARS: Genetic Algorithm for the 
identification of a Robust Subset of 
features in high‐dimensional 
datasets. BMC Bioinformatics 21, 54 
(2020).

Building a Classifier
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Building a Classifier

Randomly choose 
100 of 10,000 
best features

Build 
classification tree

Evaluate with 
“out of bag” 
samples

Generate Beta 
Values

Repeat 10,000 times

Random Forrest Classifier Generation

From: DNA Methylation-based classification of central 
nervous system tumors. Nature 2018 26
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Commonly Asked Questions about 
Bioinformatics

• How many cases are required for a cluster to be defined as a class?

- Minimum 12.  We use 15 internally, but the more the better!

• What is a class vs. subclass? How are score calculated?

- Class (superfamily) is a collection of subclasses.  The score for this 
superfamily class is calculated by adding the subclass scores that are 
within the superfamily together

- Subclasses are individual diagnostic entities. Examples would be 
Glioblastoma, RTKII subtype or Lung Adenocarcinoma. 

- In the first example of Glioblastoma: Glioblastoma, IDH-wildtype is the 
superclass that consists of RTKI, RTKII, RTKIII, Mesenchymal, and 
midline.  The score for the superfamily is the sum of the scores for 
these subclasses.  

27

Clinical Reporting

28
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Clinical Case Series
Real World Clinical Applications 
of Carcinoma of Unknown 
Primary Methylation Classifier 
and Sarcoma Methylation 
Classifier

Case #1

• 61 y/o female who has a history of Glioblastoma treated with Resection and 
temozolomide at initial resection. 

• Patient showed progression of lesion on imaging and was scheduled for re‐
resection. 

11/7/2023 Presentation or Section Title 30
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Re‐Resection Specimen

31

Methylation Array Results

32
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t‐SNE

33

Additional Molecular Studies

34
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Case #2

• 67 y/o female sen in neuro‐oncology clinic as a second opinion consultation. 

• Review of the original resection specimen performed at an outside institution 
was performed by neuropathology and sent for methylation array testing and 
additional molecular studies. 

35

Resection Specimen

36
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Methylation Classifier

37

t‐SNE

38
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Additional Molecular Studies

39

Conclusions from Case #1 & 2

• Tumor percentage matters!

- The first case had a 80‐90% tumor percentage in the area taken for molecular 
studies, the second case only had about 50%.

• Tumor percentage matters even in really common neoplasms that appear on a 
methylation classifier!

• Our tumor percentage cutoff for cases is typically 65% for a good match score to 
occur. 

40
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Case #3

• 69 y/o male presented with progressive decreased function of his left arm with 
progression to his left leg with progressive worsening headaches. Patient had a 
fall from progressive weakness and presented to ED

• Brain imaging in ED found a right parietal lesion and CT of Chest/Abdomen and 
Pelvis showed a couple of irregular lymph nodes in the chest

• Patient underwent craniotomy for parietal lesion resection

• We received the tumor resection on our neuropathology service in consult from 
the outside institution

41
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Immunohistochemical staining 
ResultStain

PositiveAE1/3

PositiveCK7

NegativeCK20

NegativeCDX2

NegativePSA

Negativep40

NegativeTTF1

NegativeSynaptophysin

NegativeGATA3

NegativeInhibin

NegativeMART1

NegativeCD68

NegativeHepPar‐1
11/7/2023 43

TTF1 TTF1 
IHC

CK7 CK7 
IHC

Methylation Array Results

44



11/7/2023

23

t‐SNE plot

45

Patient Follow Up

• Patient had a PET scan after pathology sign out showing a right middle lobe 
hyperintense region

• Patient will be following up at local hospital for biopsy of this lesion and 
treatment planning

46
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Case #3 Conclusions

• Being able to determine site of origin can change the outcome and 
prognosis for the patient

• Methylation profiling can be helpful when IHC fails to determine a 
possible site of origin 

• In some instances, a site of origin as well as a tumor type can be 
identified by methylation profiling, such as in this case

• This can help guide further workup for targeted chemotherapy 
options

47

Case #4

• 81 y/o male with history of prostate adenocarcinoma for four years which has 
been stable on androgen deprivation therapy presents with an enlarging liver 
mass

• Patient underwent biopsy of the liver mass

48
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Liver Core Biopsy Specimen

49

Immunohistochemical workup

50

BAP‐1 IHC

ResultStain

PositiveCK7

Predominantly NegativeCK20

NegativeCDX2

NegativeTTF‐1

Very rare positive cellsGATA3

NegativeHepPar‐1

NegativeArginase

NegativeNKX3.1
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Methylation Array Results

51

t‐SNE unsupervised analysis

52
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Molecular Sequencing Findings

53

Patient Follow‐up

• Patient continues to have a low PSA and seems to have stable Prostatic disease

• New Liver lesion is being treated as a new cholangiocarcinoma and treatment 
plan is currently underway with oncology

54
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Case #4 Conclusions

• Utilizing methylation profiling in combination with sequencing findings may be 
helpful when methylation results do not match with a high confidence

• For rarer tumor types, the classifier results paired with the t‐SNE may also be 
helpful to boost confidence in the lower confidence classifier call

55

Case #5

• 19 y/o female with no PMHx presented with left thigh pain

• Imaging revealed a 7.5 cm mass in the left semitendinosus and biceps femoris 
muscles

• Case was sent to our institution for consultation (Children’s hospital 
consultation)

11/7/2023 Presentation or Section Title 56
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Morphology on Biopsy

57

Immunohistochemical 
Staining

ResultStain

Diffusely positiveAE1/AE3

Patchy positiveS100

Lost nuclear expressionINI‐1
11/7/2023 58

S100

INI‐1
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Methylation Array‐ Sarcoma Classifier

59

t‐SNE

60
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Patient Follow‐up

• Patient is currently undergoing treatment following clinical guidelines for 
treatment of epithelioid sarcoma

61

Case #5 Conclusions

• Utilizing methylation profiling in combination with IHC findings may be helpful 
when methylation results do not match with a high confidence as INI‐1 loss is a 
common finding in epithelioid sarcoma

• Rare sarcomas may not match with as high confidence as more common 
sarcomas due to the low numbers used in validation of the classifier‐ your 
classifier is only as good as the data you use to generate it!

62
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Case #6

• 63 y/o female who presented to ER with lethargy

• History of extra‐osseous osteosarcoma of the chest wall about a year prior to 
presentation that was treated with genzar. 

• Molecular findings of the osteosarcoma showed a high tumor mutational 
burden. 

• Imaging in ED showed three lesions in the brain suspicious for metastatic disease

• Resection of two of those lesions was performed and tissue sent for 
examination.

63

Morphology

11/7/2023 64
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Immunohistochemistry

65

GFAPCAM 5.2 Vimentin

Sarcoma Classifier

11/7/2023 66
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CNS Classifier

67

Carcinoma of Unknown Primary Classifier

11/7/2023 68
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Molecular Results

69

NF1 mutant melanomas show high 
tumor mutation burden and are 
mutually exclusive to BRAF and 
NRAS mutation. 

They are more common in 
desmoplastic melanomas

Patient did have a history of high 
TMB osteosarcoma as well

Patient Follow‐up

• After additional clinical history was asked, it was found the patient had a history 
of melanoma on her back that was excised a few years earlier.

• After molecular studies this case was re‐reviewed by surgical pathologists and 
was found to be positive for HMB45 and MelainA

• Patient was treated for metastatic melanoma and is currently undergoing this 
therapy

70
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Case #6 Conclusions

• Utilization of multiple classifiers can aid in determining a diagnosis

• While t‐SNE alone is not a clinically validated test it can be very helpful in cases 
of no matches on the random forest classifier

• Correlation of findings with molecular sequencing results can boost the 
confidence in a t‐SNE and low match on a classifier

• Confident in calling it not metastatic osteosarcoma 

71

Summary

• Building a methylation classifier is possible but needs a lot of well annotated 
data

• Bioinformatics support for development and maintenance of the classifiers is 
vital for success

• Expansion of classification to sarcomas and carcinomas of unknown primary 
have clinical utility and can be helpful in directing patient management

• Should be utilized as an additional ancillary test in the context of the other data 
present to make a clinical decision

72
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Thank You
Questions?



Transforming Pathology through 

Digital Innovation:  

The Mayo Clinic Experience

Chief Digital Innovation Officer 
Mayo Collaborative Services
Mayo Clinic

Jason Hipp, MD/PhD, 
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Agenda

• Background & Introduction

• Digital and Computational Pathology at Mayo Clinic
• Clinical Practice
• Scanning the tissue archive

• Innovation at Mayo Clinic
• New division of Computational Pathology & AI
• AI and colon cancer prognosis
• A tissue image and molecular searchable atlas

• Future of Digital and Computational Pathology
• Fresh tissue 3D imaging
• Multiplex IF and unsupervised learning

• Questions
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Mayo Clinic  |  Proprietary and confidential. Do not distribute.Dr. John Halamka, MD

"The PACS revolution in radiology was much more than digitizing 
film.  It enabled entirely new workflows, AI enabled decision support, 
and an ecosystem of innovative companies.   
Digital Pathology is much more than digitizing glass slides.   We will 
empower specialty consultation at a distance, digital staining, and 3D 
scanning of tissue which will benefit patients, providers, and 
pharmaceutical drug discovery."



THE 
TRANSITION 
OF 
PATHOLOGY 
TO DIGITAL 
PATHOLOGY

• What is digital pathology:
• An imaging sub-specialty of pathology informatics
• Is a dynamic, image-based environment enabled by Whole Slide 

Imaging (WSI) scanners– convert glass slides into digital slides 
that are viewed, managed and analyzed on a computer monitor

• What is computational pathology
• the ‘omics’ or ‘big-data’ approach to pathology, where multiple 

sources of patient information including pathology image data 
and meta-data are combined to extract patterns and analyze 
features*

*https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6852275/



TRADITIONAL PATHOLOGY VS COMPUTATIONAL 
PATHOLOGY
Traditional pathology is limited and subjective…
§ Tissues and cells are examined under a microscope
§ Subjective, qualitative and semi-quantitative 

assessments about the tissue
§ Qualitative and semi-quantitative interpretation in 

pathology report
§ human brain looks for specific patterns and ignores 

non confirmatory data

Computational pathology is robust and data-driven
§ Tissues and cells are examined by computer algorithms
§ Robust, highly quantitative and complex spatial 

measurements generated for every pixel/feature
§ The numerical results integrated with disparate datasets 

and analyzed by secondary analytic tools
§ Computer brain 'looks' at everything, can identify novel 

features
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It Allows New Opportunities To Carry Out Numerical Queries 
Of Pathology Images

Tissue on a 
glass slide

0 & 1s

Image of the 
tissue

Why can’t we data mine 
the 0s & 1s for the cancer 
diagnosis?
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From Qualitative to Quantitative



THE POTENTIAL WITH COMPUTATIONAL 
PATHOLOGY
• Whole Slide Imaging (WSI) the production of digital images from pathology 

glass slides that create giga-pixel images.

• Artificial intelligence (AI) a branch of computer science in which machine-
based approaches are used to attempt to make a prediction — emulating 
what an intelligent human might do in the same situation.

•

• Machine learning (ML)-involves the machine ‘learning’ from data that are fed 
into it in order to make a prediction, (falls under the broad umbrella of AI.) 

• Deep learning (DL). A DL network typically comprises multiple layers of 
artificial neural networks and tends to include an input layer, an output layer 
and multiple hidden layers. The hidden layers are used to generate new 
representations of the image and, with a sufficient number of training 
instances, can be used to identify the representations that best distinguish 
categories of interest. https://upload.wikimedia.org/wikipedia/commons/f/fe/Fig-

X_All_ML_as_a_subfield_of_AI.jpg



©2021 Mayo Foundation for Medical Education and Research  |  slide-10

THREE  TECHNOLOGICAL  FACTORS: 
CLOUD + BIG DATA + AI

UNIQUE JUNCTURE IN TIME

https://www.nasa.gov/press-release/nasa-announces-television-coverage-for-aug-21-solar-eclipse



©2020 MFMER  |  slide-11

ONE OF FEW 
AREAS IN 
HEALTHCARE
PREDICTED 
TO SEE 
GROWTH
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DETECTION OF METASTATIC BREAST CANCER IN LYMPH 
NODES WITH AI

Google Health:
Yun Liu et al. Arch Pathol Lab Med. 2018;143(7):859-868. doi:10.5858/arpa.2018-0147-OA
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IMPROVED GRADING OF PROSTATE CANCER WITH AI

Google Health:
Kunal Nagpal et al. Development and validation of a deep learning algorithm for improving Gleason scoring of prostate 
cancer. npj Digit. Med. 2, 48 (2019)
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Google Health:
Narayan Hegde et al. Similar image search for histopathology: SMILY. npj Digit. Med. 2, 56 (2019)
https://ai.googleblog.com/2019/07/building-smily-human-centric-similar.html

PATHOLOGY IMAGE SEARCH WITH AI 
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AUGMENTED REALITY MICROSCOPE

Google Health:  
Chen, P.C., Gadepalli, K., MacDonald, R. et al. An augmented reality microscope with real-time artificial intelligence 
integration for cancer diagnosis. Nat Med 25, 1453–1457 (2019)
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RECENT DEVELOPMENTS IN FIELD OF CPAI

• Identify ROIs
• Presence/absence of cancer
• Tumor Grading
• Quantify IHC
• Identify similar cases

• Predict 
• Mutation status from H&E
• IHC from H&E
• ‘risk’ category
•  survival

The revival of the H&E with AI
Burlutskiy et al. Journal of Clinical & Anatomic 
Pathology (2020)



Different types of AI algorithms will enhance clinical practice

Predict

Predictive Tools

Quantify

Image Analysis Tools

Detect/Triage

Workflow Tools

Risk/
Reward
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Computational Pathology Is Early Stage

Technology Hype Curve

https://www.gartner.com/en/research/methodologies/gartner-hype-cycle

We are HERE

https://www.gartner.com/en/research/methodologies/gartner-hype-cycle
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History of Innovation & Excellence

1892 : Non-Mayo physicians join, creating first 
INTEGRATED MULTISPECIALTY GROUP 
PRACTICE

1905 : Louis Wilson, M.D., Mayo’s first researcher, 
develops FROZEN SECTION PATHOLOGY

1907 : Henry Plummer, M.D., introduces the concept of 
INTEGRATED MEDICAL RECORDS

1950 : Nobel prize for ISOLATION OF CORTISONE

1969 : First TOTAL HIP in United States

1971 : Creation of MAYO MEDICAL LABORATORIES 
(MML)

1985 : Creation of MAYO MEDICAL VENTURES

1986 : Creation of MAYO CLINIC FLORIDA (MCF)

1987 : Creation of MAYO CLINIC ARIZONA (MCA)

1992 : Creation of MAYO CLINIC HEALTH SYSTEM 
(MCHS) 

1999 : Discovery of BASIS OF PD-L1

2000 : First commercially available rapid ANTHRAX DETECTION KIT             
DEVELOPED BY MAYO AND ROCHE

2014 : FDA approval of COLOGUARD CANCER DETECTION KIT

2015 : Opening of ONE MAYO SQUARE IN MINNEAPOLIS

2016 : Creation of DEPARTMENT OF BUSINESS DEVELOPMENT

2017 : Partnerships with: 
QRATIV – Start-up launched in collaboration with nference
NDSC – Development of new patient blood-management solution

2018 : Unity Biotechnology IPO
  WUXI - MedTech Insight Award for Best Partnership/Alliance
  CIVICA RX – not-for-profit generic drug coalition

2019 : Partnership with GOOGLE

2020 : Mayo Clinic Platform
  Center for Digital Health
  Mayo Clinic International
           Partnership with NFERENCE

2021: Joint acquisition of Medically Home



Digital pathology in the Practice



State of the art scanning creates the foundation for digital excellence

Image Management Sytem:  On premise, Sectra deployment.  We have a large multisite single instance 
shared across our geographically dispersed hospital system



Mayo Clinic has an archive of over 25 million tissue glass slides
The Practice plans to digitize 12 million of these slides in the next 
1.5 years.

The digitized data will be stored in a cloud-based image 
repository to support clinical, research and education use

Clinical:  Enhance quality of patient care 
Research:  Develop AI algorithms to enable automation of highly 
manual lab processes 
Education:  Provide ready access to indexed, searchable, high-
value content

In addition, 3 million historical paper pathology reports will also 
be  digitized to support longitudinal datasets that match with 
pathology slides

Tissue Registry program is digitizing 
our slide archive
Plus an advanced tissue digitization program 



Mayo’s effort to focus on in-line automated quality assessment 
and corrections for archival scanning



Archival Scanning progress at Mayo Clinic Rochester

q1.2 Million Slides scanned at Mayo TR to date

25
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Number of slides scanned at Mayo TR

Monthly Total

Status Percentage Count
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Agenda

• Background & Introduction

• Digital and Computational Pathology at Mayo Clinic
• Clinical Practice
• Scanning the tissue archive

• Innovation at Mayo Clinic
• New division of Computational Pathology & AI
• AI and colon cancer prognosis
• A tissue image and molecular searchable atlas

• Future of Digital and Computational Pathology
• Fresh tissue 3D imaging
• Multiplex IF and unsupervised learning

• Questions
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Innovation at the Departmental level:  The new division of 
Computational Pathology & AI (CPAI)
• Mission:

• To transform how Mayo provides answers to people in 
need around the world

• What we do:
• We are change agents, innovating, educating and 

implementing computational pathology and artificial 
intelligence

• How we succeed:
• Ambitiously transform the practice of pathology
• Significant patient impact
• Advance the field
• Wise steward of resources

Laboratory Medicine 
and Pathology

DataTechnology

CPAI
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ENABLING PATHOLOGISTS 
TO DEVELOP AI 
ALGORITHMS

• .

Dr. Thomas Flotte, MD



AI SANDBOX @ MAYO

§ Aiforia and Mayo collaboration 
established an AI research pipeline 
where projects can be translated from 
ideas to practice

§ Seventy-eight investigators are 
actively working on AI projects, most of 
whom had never done an AI project 
previously

• Foster innovation and upskill 
pathologists

• Creates  a seamless pathway for 
ideation to clinical deployment
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QUANTCRC:  AN AI MODEL 
TO PREDICT PROGNOSIS IN 
COLON CANCER

Dr. Rish Pai, MD



QuantCRC Prediction of Recurrence

QuantCRC Prognostic Model

TNM Stage

Mismatch repair status

Gastroenterology. 2022 Dec;163(6):1531-1546

External validation cohorts, c-index 0.75S
ta

ge
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tage III risk groups

QUANTCRC AI MODEL TO PREDICT PROGNOSIS IN COLON CANCER



Mayo Clinic  |  Proprietary and confidential. Do not distribute.

AUTOMATED SCORING OF 
EOSINOPHILIC 
ESOPHAGITIS

• .

Dr. Roger Moreira, MD



EOSINOPHLIC ESOPHAGITIS AI SCORING
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Cross-modal search in multi-
modal archives

• .

Hamid Tizhoosh, Ph.D



Imaging Data 

Molecular Data 

Textual Data 

Integrating genomics with histopathology utilizing unsupervised AI



Pathology Report:
Compound Spitz nevus. 
Fascicles of spindle and 
epithelioid melanocytes are 
present in association with 
epidermal hyperplasia and 
dull pink globules at the 
dermal-epidermal junction.

Input search 
terms

Cross-Modal Search in Multi-Modal Archives

Maleki, Danial, and Hamid R. Tizhoosh. "LILE: Look in-depth before looking elsewhere”
International Conference on Medical Imaging with Deep Learning. PMLR, 2022.

Molecular Results:
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Agenda

• Background & Introduction

• Digital and Computational Pathology at Mayo Clinic
• Clinical Practice
• Scanning the tissue archive

• Innovation at Mayo Clinic
• New division of Computational Pathology & AI
• AI and colon cancer prognosis
• A tissue image and molecular searchable atlas

• Future of Digital and Computational Pathology
• Fresh tissue 3D imaging
• Multiplex IF and unsupervised learning

• Questions
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MAYO’S PARTNERSHIP WITH 
ALPENGLOW BIOSCIENCES

• .

CEO Nick Reder, MD



2

A new frontier in digital pathology

Advantages:
• Tissue is imaged fresh
• No glass slides needed
• Entire tissue is imaged
• No FFPE
• Spatial relationships 

viewed in 3D
• Unknown, unknowns



3D Spatial resolution is necessary for understanding complex patho-biology
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Sparse objects

2D view

Rare cell populations in 
large volumes of tissue

Gene therapy, CRISPR, 
CAR-T

Complex distributions

2D view

Spatial relationships 
between cell populations

Immuno-oncology, 
immunology, metabolic 

disease

Convoluted shapes

2D view

Vasculature, neurons & fibrosis

NASH, other fibrosis, 
neuroscience, ophthalmology, 

organoids 
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2D can lead to inaccurate science and incorrect diagnoses
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Converting pathology from semi-quantitative to quantitative will 
identify novel insights not obtained by the human eye

●Cell Calculations
○Number, Position
○Volume, Surface area
○Sphericity
○Diameter, Length

●Spatial Relationships
○Distance to tissue border, vessels/Nerves, injection site, 

between cell types
○Cell density, Cell clustering
○Spatial correlation between cell types

●Group Comparisons
○Changes in distance to vessels across cancer treatments
○Changes to cell shape across disease conditions
○Changes in cell numbers or densities across groups of 

tissues

41
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VIDEO OF 3D TERTIAL LYMPHOID STRUCTURES
42



mIF Data are Deep and Broad

Sid P. Kerkar, and Nicholas P. Restifo Cancer Res 2012; 72:3125-3130

• Multi-marker 
phenotypes

• Spatial features

• Informative & Validated 
Panel

• Consistent Application
• Appropriate Data 

Analysis AstraZeneca Pathology

Provide deep information 
about tumor immune 
landscape:

In the same data set to help 
us understand how to select 
the right therapy for the right 
patient.

Adapted from Sid P. Kerkar, and Nicholas P. Restifo Cancer Res 2012;72:3125-3130



Graphs show connectivity between objects

• Mathematical structures modelling pairwise
relations between objects

• Graphs built assuming nearby cells may interact
• Unsupervised learning techniques directly 

operate on the graph

• Characterize cellular neighborhoods in detail 
(with interactions)

• Support tissue querying and exploration
• Derive rich tissue/tumour representations
• Predict response and survival



What does the future look like

Convergence to the center will result in a 
massive expansion opportunity if it is done 
intelligently

Pathology

Drug  
    Development

Artificial 
Intelligence
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Unlocking the power of digital pathology with AR/VR

https://www.syglass.io/
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THANK YOU
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QUESTIONS?
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Evolving Concepts and 
Challenges in Thoracic 

Pathology
Mary Beth Beasley, MD

Professor of Pathology

Icahn School of Medicine at Mount Sinai

New York, New York

Outline

• Talk 1: Current Challenges in Interstitial Lung Disease

• Talk 2: Current Pitfalls and Emerging Topics in Mesothelioma

• Talk 3: Current Challenges in Evaluation of Pulmonary 
Adenocarcinoma
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Current Challenges in Interstitial Lung Disease (ILD)

• Common issues in interstitial lung disease biopsies

• How the ATS guidelines impact pathology
• Review of usual interstitial pneumonia (UIP) and non‐specific interstitial 
pneumonia (NSIP)

• vs fibrotic hypersensitivity pneumonitis (fHP)

• vs connective tissue disease related ILD (CTD‐ILD)

• Interstitial lung abnormalities—what the heck are the radiologists 
talking about now and what does it mean for me‐‐‐handout only
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ATS/ERS, et al
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UIP radiology—peripheral fibrosis with 
honeycombing, lower lobe predominance

UIP‐histology

• PATCHY fibrosis, most pronounced beneath pleura and next 
to interlobular septa

• Areas of severe fibrosis alternate with areas of relatively spared 
parenchyma

• The fibrosis itself exhibits TEMPORAL HETEROGENEITY—i.e
fibrosis is not all the same age

• This feature is manifested in the form of the “fibroblast focus”—a 
region on loose blue‐gray connective tissue (new fibrosis) adjacent 
to an area of dense collagenous scar (old fibrosis) 
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Patchy fibrosis with subpleural predominance

Patchy fibrosis—severe fibrosis alternates with spared lung
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Fibroblast focus (arrow)

Usual Interstitial Pneumonia (UIP)

• Usual interstitial pneumonia is the histologic diagnosis

• The clinician then has to determine if the patient has an underlying 
disorder that can account for the findings (CTD, fHP, drug reaction)

• If known causes are excluded then a CLINICAL diagnosis of 
idiopathic pulmonary fibrosis is made.
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Cellular pattern

Diffuse chronic inflammatory cell infiltrates without significant alveolar expansion

No fibrosis

Fibrosing Pattern

Diffuse interstitial fibrosis with uniform appearance.  

Fibrosis all the same age—i.e. “temporally uniform” in contrast to UIP

Lung architecture is frequently preserved

Interstitial chronic inflammation—mild or moderate

NSIP‐Histology

Non‐specific Interstitial Pneumonia

Sampling
Error in

UIP

Idiopathic

Drug 
reaction

Collagen 
vascular disease

hypersensitivity

Infection

NSIP
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Cellular NSIP

Uniform involvement of lung by chronic interstitial inflammation

Alveolar septa are involved by lymphocytic infiltrates
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Fibrosing NSIP

UNIFORM involvement of lung by fibrosis of the same age

Fibrosing NSIP
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As my residents always say “that’s really nice but 
why don’t we ever actually see cases like that….

Because of this….
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A lot of overlap 
between 
“indeterminate” 
and 
“alternative”, 
particularly in 
regard to 
fibrosing HSP 
and CTD‐ILD
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As such…

BECAUSE OF ALL OF THIS WE 
ONLY SEE BIOPSIES IF SOMETHING 
IS UNUSUAL EITHER 
RADIOGRAPHICALLY OR 
CLINICALLY!!!
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Case 1

• 55 year old female with progressively worsening shortness of breath 
for approximately 9 months

• HRCT classified as “Indeterminate for UIP”

• Negative collagen vascular serologies and negative hypersensitivity 
pneumonitis panel

• Patient underwent surgical lung biopsy

Case 1
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Case 1

Case 1
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Patient was later revealed to be an active member 
of the Long Island Parrot association and 
neglected to mention this…

Fibrotic hypersensitivity pneumonitis (fHP)

• Sample diagnostic line:
• Patchy interstitial fibrosis with prominent peribronchiolar component and 
scattered poorly formed granulomas

• Note‐ Findings are most compatible with fibrotic HP, continued clinical and 
radiographic correlation is recommended

• Other things that need to be excluded clinically:
• Infection—granulomas often more variable in size, mix of large and small

• Connective tissue disease—may have granulomas and airway centered 
disease

• Drug reaction
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HP Background

• Arcane name‐ extrinsic allergic alveolitis

• Secondary to a variety of agents
• Thermophilic bacteria

• Fungi

• Animal proteins 

• Mycobactera— “Hot tub lung”, contaminated metal working fluids

Selman, et al, AJRCCM Aug 15 2012
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Selman, et al, AJRCCM Aug 15, 2012

HP background

• fHP generally looks the same microscopically regardless of exposure

• An exposure may not always be identifiable

• Serologic antigen testing may be negative; conversely a positive test is 
only indicative of exposure not disease
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HP Background

• Symptoms, radiology and pathology can overlap with other lung 
diseases

• Accurate diagnosis requires a high degree of clinical suspicious

• Correlation of clinical, radiographic and pathologic findings 
critical!!!!!!!!!!

UIP vs HP radiology

UIP—classically lower lobe predominance, 
peripheral with honeycomb change

HP may mimic UIP but typically has upper lobe 
predominance and will also have evidence of air 
trapping indicating airway disease
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HSP radiology

Chronic/Fibrotic HSP

• Churg, et al. AJSP 2006 30(2) 201‐208:
• Patchy subpleural fibrosis with temporal heterogeneity resembling UIP

+/‐ peribronchiolar fibrosis

+/‐ “NSIP‐like areas”
• Diffuse fibrosis c/w NSIP

• All cases had identifiable giant cells and/or granulomas and/or Schaumann
bodies—usually seen in both fibrotic and non‐fibrotic areas
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Chronic/Fibrotic HSP

• The finding of significant peribronchiolar fibrosis admixed with a UIP 
pattern should prompt a careful search for giant cells and granulomas

• The finding of granulomas/giant cells/Schaumann bodies should raise 
the suspicion of HSP clinically

• Absence of granulomas does not definitively exclude HSP

Poorly formed 
granulomas
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Granuloma is relatively large and well-formed compared with 
granulomas of HSP (inset)

fHP vs UIP/IPF
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Usual pathologist comment on this: “$%^#@!”

A guideline on how to use the guidelines….
Probably not a good sign….
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HSP Summary

• May mimic UIP or NSIP

• Prominent peribronchiolar involvement

• Poorly formed granulomas/ single giant cells (may be absent in up to 
30%) of cases

• CT with upper lobe predominance and air trapping characteristic

• Identifiable antigen may be lacking
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Case2

• 45 year old female with progressively worsening shortness of breath 
over a several month period

• CT scan with nodular densities and ground glass opacities

• Serology results unavailable but patient denied joint pain, rash, etc

• No known exposures

Case 2
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Case 2

Pathology summary

• Originally called “COP”
• Organizing pneumonia (OP) is present….however…

• The interstitial chronic inflammation is too diffuse to be classic 
for “OP pattern” as defined by ATS/ERS classification

• Similarly, this is more than the “occasional foci” of OP one might 
encounter in cellular NSIP

• ?Cellular NSIP with OP on top or one process i.e CVD explaining 
both findings?
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Mild pleuritis

Lymphoid follicle
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Follow up….

• Patient ultimately diagnosed with anti‐Jo1 anti‐synthetase syndrome
• “NSIP with too much OP” frequently seen with anti‐synthetase disease but not 
pathognomonic

Connective tissue disease related ILD (CTD‐ILD)

• Generally these will require a descriptive diagnosis:
• Diffuse chronic interstitial pneumonitis with fairly extensive organizing 
pneumonia

• Note‐ The amount of organizing pneumonia present is too extensive to be 
typical of NSIP as described by the ATS/ERS classification and, conversely, the 
amount of background interstitial inflammation is too extensive to be typical 
of OP pattern.  Lymphoid follicle formation and pleuritis are also present.   An 
underlying connective tissue disease could explain the totality of findings in 
this case.  Continued clinical and radiographic correlation is recommended.

• Other considerations: Drug reaction, infection;  lymphoid follicles and lack of  
peribronchiolar disease would be atypical for HP in this case.  
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Clues that UIP or NSIP may be CTD related

• Younger than 50 years of age

• Female

• Never smoker

• Atypical radiographic findings

• Follicular bronchiolitis/BALT hyperplasia also present

• Mixed pattern of disease (Not quite perfect for either UIP or NSIP, “NSIP with too much 
OP”)

• Pleuritis

• Issue‐‐Patients may be on immunosuppresive or cytotoxic drugs—infection and drug 
reaction are also in the differential diagnosis. 

• Issue‐ ILD may precede development of clinically diagnostic features of CTD

• Interstitial pneumonia with autoimmune features (IPAF)‐ Clinical dx for patient with ILD 
lacking fully diagnostic features of underlying CTD

Why is case 2 not OP as defined by ATS/ERS

• Background interstitial inflammation is too diffuse and extends far 
beyond the areas of OP
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OP pattern
• Patchy, bronchiolocentric
organizing pneumonia +/‐
fibroblastic plugs in small 
airway lumens (BO)

• Minimal chronic 
inflammation in adjacent 
alveoli

• Intervening lung more or 
less normal

• NO other findings—i.e. no 
granulomas, significant 
acute inflammation, etc

• Need a wedge biopsy to 
appreciate this pattern
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Nomenclature issues

• Organizing pneumonia merely means organizing fibroblastic tissue 
within an airspace

• The general finding of OP can be due to any number of things
• Primary disease: OP pattern as defined by ATS/ERS
• Component of another disease: fHP, vasculitis, bacterial pneumonia
• Secondary finding adjacent to a completely unrelated process: Tumor, 
granuloma

• OP pattern histologically PLUS idiopathic disease clinically equals 
cryptogenic organizing pneumonia (COP)

• OP pattern may be secondary to CTD, drug reaction etc>> recently 
suggested name “secondary organizing pneumonia” (SOP)
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Summary—All OP is not COP

• Can’t assume this is COP

• You don’t know what this really 
is—this could be anything

• MUST correlate with clinical and 
radiographic findings

Suggested term
“Secondary OP” 
(SOP)
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One more issue..
Multidisciplinary approach critical (but not perfect)

Evaluated multiple histologic features (peribronchiolar metaplasia, germinal 
centers, lymphoid aggregates, volume proportion of plasma cells and plasma 
cell/lymphocyte ratio, number and location of fibroblast foci, location of fibrosis, 
giant cells/granulomas)

Conclusions: 
• No single morphologic feature definitively separated the two
• Numerous foci of peribronchiolar metaplasia favored HSP
• Germinal centers, large numbers of lymphoid aggregates and high plasma 
cell lymphocyte ratio suggested CTD
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Why do we care? 

• Patients with clinical IPF are treated with anti‐fibrotics (pirfenidone
(Esbriet), nintedanib (Ofev))

• Patient’s with fHP and progressive fibrosis may be treated with same 
but will need to be evaluated for exposures with cessation if possible

• Patient’s with CTD‐ILD are often treated with immunomodulatory 
agents +/‐ antifibrotic

Summary Talk 1

• Decrease in number of classic UIP cases since issuance of clinical 
guidelines

• Clues for fHP
• Upper lobe predominance and air trapping radiographically
• Prominent airway centered disease
• Giant cells/poorly formed granulomas

• Clues for CTD‐ILD
• Young patient age
• Female
• More inflammation than typical for UIP, lymphoid follicle formation, pleuritis
• Mixture of patterns or patterns not a perfect fit for UIP or NSIP
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Talk 2: Current Pitfalls and 
Emerging Topics in 
Mesothelioma

Overview 
• Epithelioid Morphology:

• Benign vs malignant
– Tissue biopsy specimens

• Invasion vs entrapment/ en face cuts
– Ancillary techniques

– Issues with cytology specimens
– P16 FISH/MTAP and BAP‐1 deletion

– Mesothelioma in situ
– Epithelioid mesothelioma

– Diagnosis/Differential
• Immunostains and pitfalls of immunostains

• Sarcomatoid Morphology
• Benign vs malignant
• Sarcomatoid mesothelioma/differential

• Biphasic/transitional/pleomorphic
• Molecular
• Summary
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2021 WHO classification of mesothelial tumors

BENIGN AND PREINVASIVE MESOTHELIAL TUMORS

Adenomatoid tumor
Well-differentiated papillary mesothelial tumor
Mesothelioma in situ

MESOTHELIOMA

Localized mesothelioma---VERY RARE
Diffuse mesothelioma 

DIFFUSE MESOTHELIOMA SUBTYPES 

Epithelioid

Sarcomatoid

(including desmoplastic)

Biphasic 

F. Galateau Salle et al. J Thorac Oncol 2018
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Epithelioid Mesothelioma:
Issues and Differential
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B‐9 vs Malignant?
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Benign

Usually Malignant

Distribution of mesothelial cells relative to pleura surface:
Cells on the surface, aka “sidedness” of proliferation favors B-9

Organizing pleuritis—
cellular toward 
surface; small 
capillaries oriented 
perpendicular to 
surface
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Mesothelioma—cells 
involving full 
thickness of pleura 
and focally extending 
into fat

Main feature discriminating B‐9 from malignant 
mesothelial proliferations

INVASION

INVASION

INVASION
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Is it really invasive???

• Pitfalls: 

– Entrapment

– En face cuts of small, poorly oriented biopsies

– Additional pitfall— “Fake fat”!!!!!

Entrapment vs Invasion

• Entrapment very common in organizing pleuritis

– Is active inflammation present? Be cautious!!!!!!!

• Eosinophilic pleuritis s/p pneumothorax can have marked mesothelial 
hyperplasia

– Simple tubules (favor B‐9) vs complex branched glands and papillae 
(favor malignant)

– Linear cellular arrangement (favor B‐9) vs irregular pattern (favor 
malignant)
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Small Poorly Oriented Specimens

• En Face cuts particularly treacherous

• Closely spaced branching glands (favor malignant) vs 
simple glands separated by lots of fibrous stroma (favor 
benign)

• Levels to look for fat or muscle invasion (beware of “fake 
fat”)

• Use caution if abundant inflammation present

• Beware of linear arrangement (favors benign)

Entrapment—linear meso cells sandwiched 
between organizing pleuritis. 
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Definitely malignant—mesothelial cells clearly 
invasive

Fake fat!—don’t confuse with invasion!



11/7/2023

10

2

FIGURE 2
The Fake Fat Phenomenon in Organizing Pleuritis:  A Source of 
Confusion With Desmoplastic Malignant Mesotheliomas.
Churg, Andrew; Cagle, Philip; Colby, Thomas; Corson, Joseph; Gibbs, 
Allen; Hammar, Samuel; Ordonez, Nelson; Roggli, Victor; Tazelaar, 
Henry; Travis, William; Wick, Mark

American Journal of Surgical Pathology. 35(12):1823‐1829, 
December 2011.

FIGURE 2 . Another example of fat‐like spaces deep within 
a fibrotic pleura. Here, the spaces are both rounded and 
oblate, with the long axis of the oblate spaces parallel to 
the pleural surface (A). S‐100 stain fails to stain the fat‐like 
spaces (B). Pan‐keratin stain (C) shows positive spindled 
cells between the rounded and oblate spaces. Note in 
both this figure and in panel B how some of the spaces 
become fairly narrow slits. Panel D shows another area of 
the same case with rounded, oblate, and slit‐like spaces 
near the pleural surface, a location where fat should not 
be found. Panels E and F illustrate real chest wall fat in 
another part of the same biopsy; the fat cells are S‐100 
positive.

Can stains help?

This is where we were 10+ years ago—
all of these are now defunct
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BAP‐1 Loss
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MTAP IHC AS A SURROGATE FOR CDKN2A FISH

Berg K. et al  Arch Pathol Lab Med 2018
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MTAP loss 

MTAP intact  

MESOTHELIAL PROLIFERATION 
(2 MESOTHELIAL , 2 CARCINOMA IHC MARKERS AND BAP1 IHC) 

MALIGNANT MESOTHELIOMA

BAP1 LOST

CDKN2A  FISH  or MTAP IHC 

BAP1 INTACT 

ATYPICAL MESOTHELIAL 
PROLIFERATION

DELETED/ LOST 

INTACT 

DIAGNOSTIC WORK UP OF EFFUSIONS/SMALL SPECIMENS
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P16 and BAP‐1—summary and 
caveats

P16 deletion

• Homozygous p16 deletion by FISH is seen in up to 70% of epithelioid 
pleural mesotheliomas and over 90% of sarcomatoid mesotheliomas

• The generic p16 IHC cannot be used as a substitute for this

• MTAP (methythioadenosine phosphorylase) IHC currently generally 
shown to be highly sensitive and specific—can be difficult to 
interpret
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BAP‐1

• BAP‐1 nuclear loss by IHC is detected in 50‐80% of epithelioid 
mesotheliomas and 15‐60% of sarcomatoid

• BAP‐1 loss by IHC indicates mutation in the tumor but does not 
mean that the patient has a BAP‐1 germline mutation. 

BAP‐1 nuclear loss plus p16 deletion

• The combination of BAP‐1 nuclear loss and homozygous p16 
deletion by FISH is essentially 100% specific for mesothelioma 
over reactive proliferations but sensitivity is variable—
generally around 60%

– Helps if it is lost but not if it is retained

• Retained does not equal benign as not all mesotheliomas will have 
BAP‐1 or p16 deletion
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Final caveat

• This applies to cells you KNOW are mesothelial

• P16 abnormalities in particular as well as BAP‐1 loss can be 
seen in tumors other than mesothelioma—loss by itself 
supports it is malignant not that it is mesothelioma

• Emerging stain: Merlin—correlates with NF2 mutation in 
mesothelioma‐‐‐will likely become an additional aid in 
challenging cases.  

Case 4

• 32 year old male, presented with right pneumothorax, 
underwent apical wedge resection
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Case 4

Case 4

Is this benign or malignant?  

Are there any stains that might help with this? 
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Calretinin—highlights mesothelial pattern and 
distribution

BAP‐1

BAP-1 is lost in the mesothelial cells 
supporting malignant mesothelioma

Patient’s father died from 
mesothelioma

Patient was found to have a BAP-1 
germline mutation
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Summary

• Superficial proliferations and cells arranged in a linear fashion 
parallel to the surface favor benign proliferations

• BAP‐1 loss and/or MTAP loss/homozygous p16 deletion 
support a malignant diagnosis

– Particularly helpful in subtle cases/biopsies and cytology specimens 

• Retention of BAP‐1 and MTAP does not mean something is 
benign‐‐‐it just doesn’t help you

Mesothelioma in situ

• Originally described by Henderson, et al in 1990’s however it 
required the presence of an invasive component and people 
questioned whether they surface proliferation was just spread 
of the invasive component as opposed be being truly in situ…
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2021 WHO DEFINITION 
MESOTHELIOMA IN SITU

 Mesothelioma in situ is a pre-invasive single layer surface 

proliferation of neoplastic mesothelial cells. 

 This diagnosis requires  multidisciplinary information and 

discussion.

ESSENTIAL AND DESIRABLE DIAGNOSTIC CRITERIA
MESOTHELIOMA IN SITU

Pleural effusion (non-resolving)

No thoracoscopic or imaging evidence of tumour

Single layer of atypical mesothelial cells on pleural surface

Loss of BAP1 and/or MTAP by IHC and/or CDKN2A homozygous 

deletion by FISH

Multidisciplinary discussion of diagnosis

WHO 2021
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MESOTHELIOMA IN SITU 

BAP1CDKN2A

C
hurg

et al. H
istopathology 2018 M

ay;72(6):1033-1038

Courtesy of Dr. de Perrot Courtesy of Dr. de Perrot 

MESOTHELIOMA IN SITU 

Minami et al. Virchows Arch 2020 Mar; 476 (3);469

MTAP 
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MESOTHELIOMA IN SITU 

Churg et al. Histopathology 2018 May;72(6):1033-1038

MESOTHELIOMA IN SITU 

Churg et al. Histopathology 2018 May;72(6):1033-1038

MESOTHELIOMA IN SITU 

Papillary tufting like this may be MIS but  this is the type of case 
you really want to worry is actually invasive….
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You must talk to the clinicians before making this diagnosis

Pleural effusion (non-resolving)

No thoracoscopic or imaging evidence of tumor

Single layer of atypical mesothelial cells on pleural surface

Loss of BAP1 and/or MTAP by IHC and/or CDKN2A homozygous 

deletion by FISH

Multidisciplinary discussion of diagnosis

WHO 2021

So, once you are sure it is malignant……
Are you sure what it is???
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Mesothelioma differential

• Epithelioid type:
– Carcinoma
– Epithelioid vascular tumors
– Melanoma
– Lymphoma
– Thymoma

• Biphasic Type
– Pleomorphic/Sarcomatoid carcinoma
– Synovial sarcoma

• Sarcomatoid type
– Sarcomatoid carcinoma
– Synovial sarcoma, other sarcomas
– Spindle cell thymoma

For all subtypes of mesothelioma:
Radiology is critical—mesothelioma 
should look like this—multiple pleural 
nodules/diffuse pleural thickening.   

This does not guarantee it is meso
though! 
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Mesothelioma should not look 
like this!!

A single or intraparenchymal lung 
mass should give you pause that 
this is not meso

Mesothelioma vs. Adenocarcinoma

• Morphology:
– Mesothelioma: relatively uniform cuboidal cells with central nuclei, 
eosinophilic cytoplasm; tubules, papillary structures, sheets

– Adenocarcinoma: Less uniform pattern, greater cellular 
pleomorphism, columnar cells

– But not always…………
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Architectural patterns

 Solid

 Tubulopapillary

 Trabecular 

 Adenomatoid

 Micropapillary

Stromal variants 

 Pleomorphic
 Lymphohistiocytoid
 Rhabdoid 
 Deciduoid
 Small cell 
 Clear cell
 Signet ring 

EPITHELIOID MESOTHELIOMA HISTOLOGIC 
CLASSIFICATION WHO 2021 

Cytologic features  

 Myxoid

WHO 2021; EURCAN/IASLC proposal; JTO 2020 Jan;15(1):29-49 

ARCHITECTURAL PATTERNS OF EPITHELIOID 
MESOTHELIOMA AND PROGNOSIS

Kadota et al. J Thorac Oncol 2011
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Mesothelioma with classic tubulopapillary growth

ARCHITECTURAL PATTERNS OF EPITHELIOID MESOTHELIOMA

Trabecular TubulopapillarySolid

MicropapillaryAdenomatoid
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CYTOLOGIC FEATURES OF EPITHELIOID MESOTHELIOMA

Clear cell Deciduoid

Small cell Signet ring Lymphohistiocytoid

STROMAL  FEATURES OF EPITHELIOID MESOTHELIOMA

Myxoid Lots of hyaluronic acid---do 
not assume this is mucin
and call it adenocarcinoma 
without staining it!!
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Mesothelioma vs. Carcinoma
Immunohistochemistry

• A panel of antibodies is generally recommended as all of the markers 
have at least some reported crossover staining

• No single marker is 100% sensitive or specific

• Immunostain results may vary depending on a variety of factors

• Recommended using at least two “carcinoma” markers and two 
“mesothelioma” markers

• Each marker has potential pitfalls depending on circumstances

Epithelioid mesothelioma vs. carcinoma
Immunohistochemistry

• Choice of markers should be based on tumor histology and tumors 
in the differential 

• The “best” markers to use are the ones that work consistently well 
in your lab

• Keratin (AE1/AE3, Cam 5.2, OSCAR)

• Helpful to highlight growth pattern and invasive areas not appreciated on 
H&E

• Strong diffuse staining with keratin generally supports the tumor is either 
meso or carcinoma and not something else (i.e malignant vascular tumor, 
melanoma) 

–Particularly important for tumors with solid growth
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Mesothelioma vs carcinoma immunohistochemistry

• “Mesothelial markers”

– Calretinin—
• 10% of adeno—focal, cytoplasmic;  40% squamous cell ca (usually focal)
• May also stain certain ovarian carcinomas
• May be positive in thymoma
• Positive in adrenal cortical tumors
• May be positive in triple negative breast carcinomas

– CK5/6—important to note this also stains squamous cell carcinoma, breast 
carcinoma and a significant percentage of gyn malignancies, pancreatic 
adenoca

– WT‐1‐‐‐Nuclear staining in meso; also stains ovarian serous tumors and 
melanoma.  Capillaries/lymphatics also positive

Mesothelioma vs carcinoma immunohistochemistry

• “Mesothelial markers”

– Thrombomodulin‐not as sensitive, blood vessels stain also

– Podoplanin/D2‐40‐‐‐membranous staining; also stains lymphatics 
and vascular tumors, 50% of squamous cell

‐HEG‐1—new marker—seems very good so far for pleural 
mesothelioma, particularly in men; may have some overlap with 
ovarian tumors in women.  
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Mesothelioma vs carcinoma immunohistochemistry

• “Carcinoma markers”

– CEA‐stains 85‐95% of lung carcinomas
• Kidney, prostate, ovarian tumors often negative

– Leu‐M1 (CD15)‐up to 90% of lung ca, only 60% of others overall

– BER‐EP4‐stains nearly all lung ca, most others
• Up to 25% of mesos pos—usual focal

– B72.3—85% of lung ca’s positive
– MOC‐31
– Claudin‐4—emerging as most optimal glycoprotein marker

Mesothelioma vs carcinoma 
immunohistochemistry

• “Carcinoma markers”

– TTF‐1—useful if lung ca is the only other consideration, also stains thyroid

– Napsin‐similar to TTF‐1—also stains papillary renal cell carcinoma

– GATA‐3 positive in breast ca and bladder ca but is frequently positive in 
mesothelial cells/mesothelioma—do not use this in isolation to support 
metastatic breast ca in a pleura specimen

– P63/p40 are positive in squamous cell and are usually negative in 
mesothelioma (no diffuse positive staining); also stains thymomas, 
myoepithelial cells/tumors, etc
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Issues with renal cell carcinoma

• Often negative for traditional “carcinoma markers” i.e CEA, etc

• RCC positive for CD10, RCC‐ma, CAIX
– These markers may be positive in a significant percentage of 
mesotheliomas

– PAX‐8, PAX‐2—positive in RCC
– PAX‐8 recently shown to stain a small percentage of mesotheliomas, particularly 
peritoneal. 

– RCC rarely positive for WT‐1, negative for calretinin, CK5/6 and D2‐40 thus 
far. 

– Metastatic sarcomatoid renal cell carcinoma may be particularly 
problematic. 

New: Grading

• Mesotheliomas are generally all bad so have not traditionally 
been graded

• More recently a proposed grading system based on nuclear 
grade, mitotic count and necrosis has been recommended.

– Low grade: 16‐29 month average survival

– High grade: 8 month average survival

• Applies ONLY to epithelioid subtype
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GRADING OF EPITHELIOD  MESOTHELIOMA

MILD
 Fine granular chromatin
 Indistinct nucleoli

MODERATE
 Intermediate N/C ratio
 Occasional nucleoli

SEVERE
 Low N/C ratio
 Large nucleoli
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Staying out of trouble….

Your Case 3

• 65 year old male with right pleural based masses; underwent 
pleural biopsy

• ?What is the diagnosis

• ?Are you sure
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Pitfall case‐ H&E

Pitfall case‐Calretinin
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Pitfall case‐CK5/6

Pitfall case‐ BER‐EP4
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Pitfall case—D2‐40

Pitfall case

• Positive keratin, calretinin, CK5/6, BER‐EP4

– D2‐40 called positive by original pathologist (but staining is not 
membranous as it should be)

• Negative WT‐1, CEA, CD15, B72.3, TTF‐1

• Seems like it might be mesothelioma…
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Pitfall case

But what is
this???!!!

Pitfall case‐p63
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Critical elements

• Given story of “pleural based masses” and immunostains this could 
have easily been misdiagnosed—a very small biopsy could have been 
particularly problematic

• ALWAYS CHECK HISTORY‐‐‐radiology in this case showed a large 
intraparenchymal mass with pleural involvement rather than typical 
distribution of mesothelioma

• Stains must be evaluated in context of histology; be particularly liberal 
with staining in tumors with solid growth

Part 2‐What about spindle cell 
proliferations…..
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Fibrous Pleuritis vs. 
Desmoplastic 
Mesothelioma
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Plaque—linear “basket weave”

Desmoplastic mesothelioma‐‐Storiform
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Desmoplastic meso invading lung

Your Case 5

• 31 year old female with diffuse right sided pleural thickening 
and nodularity; underwent biopsy 

• What is your diagnosis?
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Case 5

Skeletal 
muscle

Pleural thickness

Case 5
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Keratin

Calretinin
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Case Summary

• Diffuse positive keratin x 2, patchy positive calretinin; negative 
D2‐40, WT‐1, CK5/6; retained BAP‐1 and MTAP

• Case did have more cellular areas elsewhere

• Disease distribution appropriate

• Desmoplastic mesothelioma

– Subtype of sarcomatoid; definition should be >50% desmoplastic 
pattern

Sarcomatoid mesothelioma vs 
sarcomatoid carcinoma
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Sarcomatoid mesothelioma

• Differential diagnosis is with sarcomas/sarcomatoid carcinoma rather than 
conventional carcinoma

• Keratin is a critical marker

– Strong diffuse staining with cytokeratin supports meso if disease distribution is 
correct

• “Mesothelial markers” not as helpful in sarcomatoid
• A variable number of sarcomatoid mesos will stain for calretinin>>helpful to 

separate from sarcomatoid carcinoma if proper disease distribution

– Pitfall—calretinin positive in synovial sarcoma, spindle thymoma, some 
sarcomatoid carcinomas, other sarcomas (CIC‐DUX4, rhabdomyosarc, others)

• D2‐40, WT‐1, CK5/6 variably positive in sarcomatoid meso

• “Carcinoma” markers (CEA LEU‐M1, etc) similarly not often helpful here

Sarcomatoid carcinoma

• Keratin often not as strongly positive c/w sarcomatoid meso
but can be diffuse

– May require more than one marker to demonstrate positive staining

– Small biopsy in particular may still be keratin negative

• “Mesothelioma markers” may be positive

• TTF‐1—certain clones may stain some sarcomatoid mesos
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Sarcomatoid mesothelioma

Sarcomatoid mesothelioma
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Sarcomatoid mesothelioma may have heterologous differentiation

Sarcomatoid carcinoma
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Marchevsky, et al.  The differential diagnosis between pleural sarcomatoid mesothelioma and spindle cell pleomorphic (sarcomatoid) 
carcinomas of the lung: evidence-based guidelines from the International Mesothelioma Panel and the MESOPATH National 
Reference Center.  Human Pathology (2017)67, 160-168

Radiology critical particularly if only keratin is 
positive
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Radiology was regarded as extremely important.  “A diffuse malignant 
spindle tumor in a patient without other primary lesions composed of 
neoplastic cells exhibiting immunoreactivity for keratin and mesothelial 
markers and negative reactivity for epithelial markers can be definitively 
diagnosis as sarcomatoid mesothelioma."  

Conclusions

• Ultimately sarcomatoid meso vs sarcomatoid carcinoma can be 
an extremely difficult differential diagnosis

• Make sure all available slides are reviewed

• Make sure good radiology is obtained
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Summary and take home points

• Diagnosis must me made in the context of tumor morphology, 
immunostains, clinical/radiographic information

• Immunostains are not a substitute for thinking!

• Be very judicious with stains in epithelioid tumors with solid 
growth 

• Be cognizant of pitfalls with IHC

• Be cautious of a diagnosis of mesothelioma with inappropriate 
disease distribution. 

Other things/New Things/Unresolved issues

• Biphasic mesothelioma

– Transitional morphology

• ??Anything useful with molecular analysis
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Biphasic Mesothelioma

• Combination of epithelioid and sarcomatoid morphology

– Second component must comprise 10% of the tumor

– Latitude on small biopsies—mention two components if present

• Challenging on small biopsy to discriminate sarcomatoid 
component from exuberant desmoplastic response

– BAP‐1 and/or MTAP loss may help when present

Biphasic mesothelioma
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Biphasic mesothelioma

• Since an epithelial component is present, the same 
immunostaining rules apply as for the epithelioid subtype.

• The percentage of sarcomatoid component correlates with 
prognosis so you want to record the percentage of each 
component in your report

“Transitional morphology”

• Sort of looks epithelioid some of the time

• May look more like sarcomatoid

• Based on reproducibility studies has previously been lumped in 
with either depending on appearance

• Now clear it belongs in sarcomatoid category and when 
present in an otherwise epithelioid tumor should change the 
category to biphasic
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TRANSITIONAL FEATURES AND PROGNOSIS 

F. Galateau Salle et al. J Thorac Oncol 2020 March 9 

TRANSITIONAL FEATURES 
WHO 2015

 The term transitional pattern has been used to 
describe tumours with a sheet-like growth pattern in 
which the cells are cohesive, but have elongated 
morphology

WHO 2020 

 Sarcomatoid and biphasic mesothelioma 

 Transitional features are signified by elongated yet 
plump cells appearing intermediate between 
epithelioid and sarcomatoid in morphology, arranged 
in a sheet-like pattern, containing moderate 
cytoplasm and prominent nucleoli. 

 These cells appear more round than sarcomatoid
cells but more discohesive than epithelioid cells

Galateau-Salle F et al. JTO 2020 Mar 9
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RETICULIN STAIN IN HISTOLOGIC SUBTYPING OF 
MESOTHELIOMAS 

Galateau-Salle F et al. JTO 2020 Mar 9

Anything useful re: Molecular?
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INSERM AND COSMIC MUTATION FREQUENCIES

Quetel L et al. Mol Oncol 2020

MOLECULAR CLASSIFICATION OF MESOTHELIOMA 

Bueno R. et al. Nat Genet 2016; 48 (4):407-16. 

Bueno R. et al. Nat Genet 2016; 48 (4):407-16. 

Hmeljak J et al. Cancer Discov. 2018
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MOLECULAR CLASSIFICATION AND TREATMENT 

Alcala N et al. EBioMedicine 2019 Courtesy of Dr. Fernandez‐Cuesta
IARC-WHO, Lyon, France

Molecular

• Lots of tumor heterogeneity

• BAP‐1, CDKN2A, CDKN2B, NF2 mutations frequently reported

• ?Molecular classification‐TCGA study (Hmeljak, J, et al; Cancer discovery Dec 2018)—
identified histology independent prognostic subsets (TP53 and SETDB1 
mutations>Aggressive)

• Thus far, molecular and immune evaluation have identified prognostic subgroups, 
generally correlating with histology
– Impact on treatment has shown some progress but not break out therapies yet
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PDL1/immunotherapy

• Trials looking at this demonstrate partial response or stability

• Ongoing evaluation for durability of response.

• Issues: 

– PD‐L1—predictive role unclear but a lot of expression correlates with 
better response; no clear cut off value; we don’t even know if we 
should use TPS or CPS

Summary

• Be aware of pitfalls regarding discrimination of benign vs 
malignant mesothelial proliferations

• Be aware of the re‐introduced concept of mesothelioma in situ

• Understand how to apply an appropriate immunostaining 
panel depending on tumor histology and recognize pitfalls

• Molecular testing and immunotherapy still an evolving area
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Talk 3:
Current Challenges in Evaluation 
of Pulmonary Adenocarcinoma

WHO adenocarcinoma classification

• Pre‐invasive lesions:
• Atypical adenomatous hyperplasia (Lepidic growth less than 5mm in size)

• Adenocarcinoma in situ (≤ 3.0 cm, formerly BAC)
• Non‐mucinous
• Mucinous‐‐‐exceedingly rare

• Minimally invasive adenocarcinoma‐ ≤ 3.0 cm lepidic pattern predominant 
tumor with ≤5mm of invasion

• Non‐mucinous
• Mucinous‐exceedingly rare

• MIA is excluded if the tumor:
• 1)invades lymphatics, blood vessels, or pleura (i.e no T2 MIA’s) or 
• 2) contains tumor necrosis. 
• 3) contains areas of STAS (spread of tumor through airspaces)
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WHO  adenocarcinoma classification

• Invasive adenocarcinomas* 
• Lepidic predominant (>5mm of invasive tumor)
• Acinar predominant
• Papillary predominant
• Micropapillary predominant
• Solid predominant

• Variants
• Invasive mucinous adenocarcinoma (formerly mucinous BAC)
• Colloid adenocarcinoma
• Enteric adenocarcinoma
• Fetal adenocarcinoma

* Predominant is not necessarily greater than 50%

Lepidic growth

• Growth of tumor cells along existing alveolar walls
• Term comes from “Scale  like”

• Keys
• abrupt transition from normal lung—helps in discriminating from reactive

• Architecture preserved—looks like normal lung from low power

• In tumors with mixed lepidic and invasive growth only the invasive 
component is used for assigning pT‐‐‐this can be extremely 
challenging

• Lepidic growth should ideally be a monolayer

• Compressed lepidic growth may show a parallel arrangement of cells
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Invasion vs non‐invasion not always easy

• Invasion vs collapsed lepidic
‐Parallel arrangement favors 

collapse>>implies retained alveolar 
architecture

• Lepidic should be a monolayer
‐Tangential sectioning an issue 

in discriminating from micropapillary

• Evaluation can be hampered by 
handling and processing/fixation 
issues

• When in doubt err on calling invasion
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Papillary adenocarcinoma

• Papillary adenocarcinoma‐Adenocarcinoma with secondary or tertiary 
branching papillary structures

• Papillae have fibrovascular cores, lack elastic fibers

• Papillary pattern should be distinguished from tangential sectioning 
of alveolar walls with lepidic growth. 

• If a tumor has lepidic growth but the alveolar spaces are filled with 
papillary structures the tumor is classified as papillary 
adenocarcinoma. 

• Myofibroblastic stroma is not needed to diagnose this pattern.
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Papillary carcinoma—low power

MIA



11/7/2023

7

Ground Glass/sub‐solid nodules:

Pure GGO/Sub‐solid>>AIS or MIA 
(Honda, Clin Radiol, 2013)

Mixed solid/Sub‐solid>>Lepidic
predominant—solid area correlates 
with invasive area and GG area 
correlates with lepidic growth 
(Kodoma, et al; others)
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Micropapillary pattern—a deviation from the 
“predominant” theme

• Early studies suggested ANY amount of micropapillary growth was 
associated with a worse prognosis and increased incidence of lymph 
node metastases in pT1 tumors in particular.  

• Further work has still supported this contention
• Yeh YC, et al. International Association for the Study of Lung Cancer/American Thoracic Society/European 

Respiratory Society classification predicts occult lymph node metastasis in clinically mediastinal node‐negative lung 
adenocarcinoma. Eur J Cardiothorac Surg. 2015 Sep 15. 

• Tsubokawa N, et al. Negative prognostic influence of micropapillary pattern in stage IA lung adenocarcinoma. Eur J 
Cardiothorac Surg. 2015 Mar 11. 

• Lee G, et al. Clinicalimpact of minimal micropapillary pattern in invasive lung adenocarcinoma:prognostic significance 
and survival outcomes. Am J Surg Pathol. 2015May;39(5):660‐6.
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Micropapillary carcinoma within 
cystic glandular spaces

Micropapillary carcinoma within alveolar 
spaces

Filigree pattern of micropapillary carcinoma
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Similar implications for small amounts of 
other “high grade” growth patterns
• Solid growth

• Cribriform, complex/fused glands

Cribriform pattern

Kadota, et al Mod Path 2014 May;27 (5): 
690‐700
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“Complex glands”—used 
as a combo of cribriform 
and fused

Kuang, et al, AJCP 2018 May; 150(1): 65‐73

How to address the “bad yet not 
predominant issue”

Applies to non‐mucinous adenocarcinomas only



11/7/2023

12

How to address the “bad yet not predominant issue”

Emerged as the best model after evaluating several combinations of histology, cytology, mitotic 
rate, and other factors….

Case 6

• What is the significance of the following growth patterns in regard to 
grading of non‐mucinous lung adenocarcinoma? 
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Case 6

These are all “high grade” patterns of growth

If any of these are the predominant pattern or 
comprise 20% or more of a tumor, the tumor is 
Grade 3 

SOLID

MICROPAPILLARY

COMPLEX GLANDS

Staging:
Lepidic vs invasive patterns
Multiple nodules
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Recommends staging based on size of only the invasive component in non-mucinous adenocarcinomas
with a component of lepidic growth

J Thorac Oncol. 2016 Aug;11(8):1204-23



11/7/2023

15

Difficult to measure tumors that 
are not all on a single slide; No 
good data on tumors that are 
mostly invasive with only a 
small amount of peripheral 
lepidic growth
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What to do with Multiple nodules

• When do you have multiple nodules?

• By definition these are grossly and/or radiographically distinct

• A tiny bit of tumor sort of discontinuous with the main tumor in your slide is 
not a separate primary

• Radiology very important‐

• Multiple ground glass lesions (usually correlating with AIS, MIA or lepidic
predominant ADC) are staged as separate primary tumors regardless

• Multiple solid lesions or a mix of patterns—much more complicated
• Easy if you have one ADC or one SCC

• What to do with multiple ADC’s….

Multiple nodules‐‐evolution

• Martini and Melamed criteria (1975):
• Lesions occur in different lobes or different segments of the same lobe
• Lesions are of different histological type
• Lesions originate respectively from carcinoma in situ
• No metastasis in contiguously draining lymphatics or other organs
• This actually still works pretty well after all this time

• What to do now:
• AIS, MIA or LPA is always its own primary
• Otherwise, look at the patterns present:

• totally different predominant patterns>>separate primaries
• Same pattern or “toss up” i.e mixed acinar and papillary and one has slightly more acinar and one has slightly 

more papillary>> same tumor
• If these are in different lobes and nodes are negative, the clinicians may still opt to treat these as separate 

primaries
• Softer criteria—same pattern but one has much uglier cytology than the other one>>probably different

• This works pretty well too
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Multiple nodules—what about molecular

• If possible, you want to get molecular on all of the tumors present
• DIFFERENT MOLECULAR helps you the most
• Same molecular? (i.e same KRAS mutation) 

• Not as useful if part of a single gene analysis or small panel
• With larger panels there is the opportunity to detect different downstream/additional 
markers which may be helpful

• Tumors that look alike are usually the same tumor‐‐‐may get a surprise with 
different molecular around 10‐15% of the time. 

• Occasionally, tumors that don’t look alike will have the same molecular with 
comprehensive NGS

• ?Progression

• Same morphology/same molecular>>probably the same, particularly with large 
molecular panel.  If only small panel done, clinical components may come into play 
i.e same lobe vs different lobes.  
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Case 7

• Should a lobectomy specimen with the two tumors shown in the 
following images be staged as separate primaries or pT3? 

Case 7 tumor 1
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Case 7 Tumor 2

Evaluation

• Tumor 1—Minimally invasive ADC‐‐‐this is always its own primary 

• Tumor 2—has tiny lepidic component but is primarily invasive 
complex glands

• Morphologically different>>>  Stage a separate primaries
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Case 8

• The following images are from a resected tumor following 
neoadjuvant therapy

• How do you stage this?

• Does this seem to meet criteria for MPR? 

Case 8

Edge of tumor bed
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How should you evaluate post‐neoadjuvant 
specimens?
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Pathological responses after Neoadjuvant 
Therapy

• Major Pathological Response (MPR)
• Less than or equal to 10% residual viable tumor (NSCLC)

• Complete Pathological Response (pCR)
• NO residual tumor

Pathological responses after Neoadjuvant 
Therapy

• Well established in other tumors: Breast, Rectum, Oesophagus

• MPR definitions based on older studies using chemotherapy

• Recently, cut points of 10% (Squamous cell ca) and 65% 
(Adenocarcinoma) have been proposed for neoadjuvant 
chemotherapy.

• Debate about different cut offs for IO vs “traditional” chemo
• Junker K et al. Chest 2001,  Pataer A et al. JTO 2012, Qu Y et al. JTO 2019
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Core Elements of the Microscopic Pathologic 
assessment 
• Viable Tumor

• Necrosis

• Stroma (includes fibrosis and inflammation)

• Response = viable tumor area/total tumor area x 100%
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Grossing

• Small (3.0 cm or less) tumor/tumor bed—submit entirely

• IASLC rec for larger tumors is to map a cross sectional slice

• Issues‐ tumor bed is not always easy to find
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Gross Appearance and Mapping. A) 
This adenocarcinoma shows extensive 
necrosis with both yellow areas and 
some chalky white tissue within areas 
of cavitation. In addition, this 
photograph demonstrates the 
anatomic relationship of the tumor to 
the overlying pleura and the proximal 
bronchus. B) This large necrotic tumor 
shows a large central area of 
cavitation. In the cavitated area it is 
impossible to submit blocks of tissue 
sections, so this area is not mapped. C) 
This small tumor is mapped but due to 
its small size the entire tumor was 
sampled histologically. D) In this case 
the mapped area turned out to be 
granulomatous inflammation, and the 
tumor was on the opposite side of the 
specimen (red oval shaped circle). So 
additional sections from the non-
mapped area of tumor needed to be 
submitted to evaluate for treatment 
effect.

Major	pathologic	response:	
A) This tumor shows a 
variegated cut surface with 
yellow and white necrotic 
areas. B) Low power shows a 
large area of necrosis 
surrounded by dense fibrosis 
and chronic inflammation. C) 
Only a single 2 mm focus of 
viable adenocarcinoma was 
seen. Black line indicates the 
tumor size measurement. D) 
This focus of viable tumor cells 
surrounded by stroma with 
marked chronic inflammation 
consists of solid 
adenocarcinoma that was TTF-
1 positive.
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Complete	pathologic	response: 
A) This tumor is almost entirely 
necrotic with yellow soft areas and 
small firm tan areas. B) Low power 
shows a large necrotic cavitated 
area surrounded by dense fibrosis. 
C) The stroma shows marked 
chronic inflammation, foamy 
histiocytes and fibrosis with some 
adjacent alveolar parenchyma 
showing reactive pneumocytes 
(bottom) D) High power shows 
numerous chronic inflammatory 
cells, foamy histiocytes and dense 
fibrosis. No viable tumor was seen. 
E) In addition, no tumor was seen 
in two lymph nodes with changes 
consistent with treatment effect. 
This lymph node shows nodular 
scar and granulomatous 
inflammation. F) The tumor bed 
shows dense fibrosis with focal 
chronic inflammation and giant 
cells.
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Response calculator
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Weighted vs unweighted concordance

Of course, there is this problem….
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Histologic changes without	
neoadjuvant	therapy: A) Only 
10% of this tumor was viable with 
90% showing fibrosis, chronic 
inflammation and focal necrosis 
with cholesterol clefts. B) Higher 
power shows dense fibrosis with a 
mild chronic inflammatory 
infiltrate and an area of necrosis 
with cholesterol clefts. C) This 
lung cancer was associated with a 
large chronic inflammatory 
infiltrate that overshadowed a 
small focus of adenocarcinoma. D) 
This area of solid nests of tumor 
cells (bottom left) are surrounded 
by an extensive mixed 
inflammatory infiltrate of 
lymphocytes, plasma cells and 
histiocytes.

Case 8

• The following images are from a resected tumor following 
neoadjuvant therapy

• How do you stage this?

• Does this seem to meet criteria for MPR? 
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Case 8

Edge of tumor bed
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Case 8

• Ultimately the tumor bed contained 50% viable tumor, 50% stroma, 
no necrosis 

• Not MPR

• Recommended reporting:
• % viable tumor

• %necrosis

• % stroma

• 4.0 cm tumor bed with 50% viable tumor, no pleural invasion
• 2.0 cm viable tumor>> ypT1b

Summary

• The biggest problem in my experience with post‐neoadjuvant cases is 
that the surgeon usually neglects to tell you a case is post‐neo

• That aside:
• Careful attention must be paid to grossing to identify tumor bed and provide 
best determination of viable tumor

• Microscopic evaluation should record % viable tumor, % necrosis and % 
stroma

• MPR= 10% or less viable tumor

• pCR= no residual viable tumor

• Treatment effect should be recorded in lymph nodes if present >> evolving 
area of investigation
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Summary—Talk 3

• Be aware of high grade histologic patterns (micropapillary, solid, 
complex glands) and their significance in grading non‐mucinous lung 
adenocarcinomas

• Understand staging of multiple pulmonary nodules
• Multiple ground glass/subsolid nodules corresponding to AIS, MIA or LPA are 
always separate primaries

• Otherwise, comprehensive evaluation of percentage of growth patterns 
present and comparison of primary patterns is generally recommended and 
works well

• Molecular analysis, particularly larger panels, is useful and further 
complements comprehensive histologic evaluation

• Optimal number of genes to evaluate not firmly established.  
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