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Circulating tumor DNA (ctDNA) is a subset of cell-free DNA shed from tumors

▪ ctDNA is a subset of cell-free DNA shed exclusively by tumor cells.

▪ The total amount of DNA floating in the blood is called cell-free DNA.

▪ Most DNA (70%) in the blood comes from dying hematopoietic cells.

▪ The fraction of ctDNA depends on many factors, including tumor 
characteristics (e.g., subtype and size). 

Cell-free DNA

ctDNA

Stejskal P…Magbanua MJM. Mol Cancer. 2023;22(1):15.



ctDNA carries genetic information (e.g., mutations) found in the tumor of origin

Pantel K et al. Nat Rev Clin Oncol. 2019;16(7):409-424.



Two major types of ctDNA detection platforms
Tumor-informed Tumor-agnostic

Magbanua MJM et al. Front Oncol. 2022;12:802579.



ctDNA analysis in I-SPY2: Schema and Endpoints

Residual cancer 
burden (RCB) index – 
continuous measure 
of invasive cancer in 
the breast and 
regional lymph nodes  
after treatment

RCB-0 – pathologic complete response or absence of 
invasive cancer in the breast and regional lymph nodes 
RCB-I – limited
RCB-II – moderate
RCB-III – extensive 

Distant recurrence-free survival (DRFS) – the time 
interval between patient consent to treatment and 
metastatic recurrence or death of any cause



Tumor-informed patient-specific ctDNA testing

Sequence pretreatment tumor to 
identify clonal mutations

Custom design and manufacture of multiplex 
PCR assay for each patient targeting 16 clonal 

mutations

Use pCR assay and sequence amplicons 
to test for the presence of ctDNA in 

patient’s blood

1 2 3



Biomarker cohort: Patients in I-SPY 2 with ctDNA 

Subtype No. of 

Patients

No. of 

Samples

HR+HER2- 300 1097

TNBC 237 844

HER2+ 186 666

Total 723 2067



Can ctDNA refine the risk stratification of patients using RCB?

• RCB-0/I is an excellent early 
surrogate of favorable survival 
(~90% 3-year DRFS rate)

• RCB-II is associated with a 17% 
metastatic recurrence rate at 3 
years

• RCB-III is associated with a 33% 
metastatic recurrence rate at 3 
years

Patients with ctDNA data



Can ctDNA refine the risk stratification of patients with RCB-II and RCB-III?
Patients with ctDNA data

ctDNA status/

ctDNA dynamics

ctDNA status/

ctDNA dynamics

Sub-stratify based on:



ctDNA negativity at T0 and T3 is associated with 
favorable survival in patients with RCB-II and RCB-III

ctDNA status at pretreatment

*HzR=0.10

95% CI 0.01-0.73

p=0.02

*HzR=0.28 

95% CI 0.09-92

p=0.04

ctDNA status at post-NAT

*HzR=0.29

95% CI 0.13-0.61

p=0.001

*HzR=0.14

95% CI 0.07-0.26

P<0.001



Persistent ctDNA negativity and early ctDNA clearance are associated 
with favorable survival in patients with RCB-II and RCB-III

RCB-II RCB-III



Can ctDNA improve the prediction of residual cancer burden (RCB) after NAT?

RCB class
(0/I vs. II/III)

RCB index

RCB index – 
continuous measure 
of invasive cancer in 
the breast and 
regional lymph nodes  
after treatment

RCB-0 – pathologic complete response or absence of 
invasive cancer in the breast and regional lymph nodes 
RCB-I – limited
RCB-II – moderate
RCB-III – extensive 

Early ctDNA dynamics (T0-T2) 



Early ctDNA clearance at week 3 is enriched in HER2+

HR+HER2- TNBC HER2+



Early ctDNA clearance (week 3) skews the distributions 
towards lower RCB indices (favorable survival)

HR+HER2- HER2+TNBC



ctDNA clearance is more predictive in TNBC and HER2+

RCB0/I  1 → RCBII/III

HR+HER2-
HER2+TNBC

p= 0.02p=0.02 p<0.001
p<0.001



Summary
▪ctDNA refined risk stratification in patients with RCB-II/III by 

identifying subgroups with improved survival 
▪Early ctDNA clearance markedly skewed the distribution 

towards lower RCB indices (favorable survival) in TNBC and 
HER2+
▪The association between early ctDNA clearance and favorable 

response (RCB-0/I) is stronger in TNBC and HER2+ vs. 
HR+HER2-



Future directions
▪Examine the correlation between ctDNA and response-

predictive subtype (RPS, Wolf et al 2022)
▪Elucidate the biology of NAT-resistant tumors while considering 

their ctDNA status and dynamics (Denise Wolf)
▪Validate findings in a larger cohort (~1500 patients) 
▪  Evaluate correlation between ctDNA and imaging (Wen Li)
▪Examine the correlation between ctDNA vs. response according 

to the type of treatment received (e.g., immune checkpoint 
inhibitor, small molecule inhibitors, HER2-targeted)



Clinical Impact of ctDNA testing in I-SPY2.2

▪  In I-SPY2.2, ctDNA, in conjunction with imaging and pathology 
information, can inform treatment redirection
▪  Patients predicted to have a pCR/RCB-0 can receive surgery 

early to minimize toxicity (treatment de-escalation)
▪  Patients predicted to be a no pCR, or RCB-II/III can elect to 

change therapy to improve the chances of achieving a pCR 
(treatment escalation)
▪ctDNA status/dynamics must be considered in treatment 

redirection in patients predicted to have RCB-II/III
▪Not all NAT-resistant breast tumors are created equal!

pCR – pathologic complete response; RCB – residual cancer burden
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TNBC is a molecularly heterogeneous disease with poor prognosis

• There is a growing interest in more sensitive and quantitative measurement of biomarkers such as ER and 
HER2 in the ER neg and HER2 low/neg setting.

  - There are analytical limitations to IHC in quantitating ER and HER2 in low expressing (0-1+) tumors
  - There is a subset of TNBC that are ER and/or HER2 expressing/active (HARPS+) who could potentially
                   benefit from ER or HER2-directed therapies.

•  We used highly sensitive reverse phase protein array (RPPA) technology to quantitate expression of these 
therapeutic targets along with downstream signaling activation mapping in a pilot set of patient-matched

        TNBC primary (P) and axillary lymph node (LN) metastases obtained synchronously and in TNBC samples
        from the ISPY2 TRIAL.



Wulfkuhle et al. JCO Precis Oncol. 2018 Aug 16;2:PO.18.00024. 
doi: 10.1200/PO.18.00024.

• A subset of TN tumors has activated EGFR and HER2
 → HER2 Activation Response Predictive Signature (HARPS)
 →associates with response to neratinib

• We also observed elevated expression of Estrogen Receptor α 
in HARPS+ tumors

Elevated Estrogen Receptor Expression is Observed in HER2 Activation Response Predictive 
Signature (HARPS) -Positive TN Tumors Treated with Neratinib in I-SPY 2 TRIAL
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Quantitative RPPA-based Estrogen Receptor α Expression in I-SPY2 HER2- Population
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• While significantly different there are largely overlapping distributions between ER- and ER+ populations

• Low end of ER+ population (red circles) may act more like ER- population?

• High end of ER- population (green circles) may act more like ER+ population?

• Provided motivation to explore the role of ER and other steroid hormone receptors (AR and GR) in TNBC tumors 



Steroid Receptor Signature (SRS) Characterization in TNBC

• Matched pairs of primary TNBC and synchronous LN metastases

Unsupervised hierarchical clustering of steroid receptor analytes

Red = primary TNBC
Black = LN met

• We observed that tumors with high relative ER alpha expression (top quartile) had co-incident high relative 

expression of AR and/or activated/phosphorylated GR (S211).

• We categorized these tumors with high ER/AR/GR as Steroid hormone Receptor Signature (SRS) POSITIVE.  

• Thes SRS+ tumors were also found to be HARPS+ (high co-incident phosphoHER2 and phosphoEGFR)

SRS positive tumors are EGFR-HER2 coactivated

SRS+ = RED
SRS- = BLACK 



TNBC SRS+ Signature Correlates With AKT Signaling Activation

AKT S473 AKT T308 AKT S473 AKT T308 AKT S473 AKT T308

Estrogen Receptor α Androgen Receptor Glucocorticoid Receptor S211

Scatter plots of phosphorylated AKT (S473) and AKT T308 (Right) quantitative levels in TNBCs that have low (below median in BLUE) or high (above median in 
TELLOW and RED) relative levels of ER, AR, and phospho GR (S211) (BOTTOM).  In RED are the 5 SRS Biomarker + samples.

AKT pathway is systemically activated in SRS + TNBCs.



Examination of SRS in I-SPY2 TNBC Population

116

94

11

25

SRS- SRS+

HARPS+

HARPS-

SRS- SRS+

HARPS positivity significantly associates with
SRS positivity in TNBC population from I-SPY 2

SRS defined by ER alpha, AR and pGR S211 all above median



SRS Status Does Not Significantly Associate with Gene Expression Subtypes

32
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6 LAR

BLIA/BLIS/MES

TNBC_BB_4class

115

49 8

25 HER2-/Immune+

HER2-/Immune-/DRD-

Response Predictive Subtypes

SRS- SRS+ SRS- SRS+

SRS positivity is not explained by RPS Subtypes or TNBC LAR subtype
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(N=110)

(N=8)
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Comparison of Survival Curves RFS by SRS/RPS + Imm-/DRD- pop

Log-rank (Mantel-Cox) test (recommended)

Chi square 20.83

df 4

P value 0.0003

P value summary ***

Are the survival curves sig different? Yes

Logrank test for trend (recommended)

Chi square 2.199

df 1

P value 0.1381

P value summary ns

Sig. trend? No

Gehan-Breslow-Wilcoxon test

Chi square 21.07

df 4

P value 0.0003

P value summary ***

Are the survival curves sig different? Yes

SRS+/Imm-DRD- TNBC Has Significantly Worse RFS 
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Immune Checkpoint Drug Targets are elevated  in SRS+ TNBC
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*All p=values are FDR corrected
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AKT-mTOR pathway is activated  in SRS+ TNBC

*All p=values are FDR corrected



Receptor Tyrosine Kinases are Elevated in SRS+ TNBC
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IGFR/Insulin Receptor Activity Trends Higher in SRS- TNBC 
Patient cohort: Recurrence <4y

p=0.0317

*p-values uncorrected

p=0.0513



SRS+ defined by:
ER/AR/GR
RTK (ALK, HER2, EGFR, HER3,MET etc)
ROR
eNOS pathway
B-catenin pathway
AKT-mTOR pathway
RAS-RAF-ERK-p38 pathway
DDR pathway (p53, ATM, ATR, CHK, MDM2 etc)
I/O (JAK-STAT, PDL1, MHCI, MHCII, MSH,etc)
Autophagy

SRS- defined by:

IGFR/IR pathway

Found in:
all TNBC
TNBC with RCB II/III
TNBC with < 4 YR recurrence
TNBC who are dead/recur vs alive never recur

Found in:
TNBC with < 4 YR recurrence
TNBC who are dead/recur vs alive never recur



Summary

• TNBC have a subpopulation of tumors with high relative (above median) ER expression that have co-incident high 
expression (above median) of either AR or GR or both.

• This subpopulation is defined as SRS (Steroid Receptor Signature) positive and accounts for approx  30% of TNBC.

• SRS positivity is characterized by activation of AKT-mTOR pathway, RTK activation, HARPS positivity, increased 
autophagy, ROR and  immune checkpoint protein expression. 

• These expression/activation phenotypes of SRS+ are observed in the T0 of TNBC with RCB II/III, TNBC with < 4y 
recurrence and TNBC who are dead/recur vs alive never recur. 

• SRS+/- does not appear to correlate with survival although SRS+/Imm-DRD- TNBC has significantly worse RFS then any 
other subtype analyzed to date.

• While a number of these results generalized across independent study sets, we will continue to explore the clinical and 
biochemical significance of SRS in TNBC tumors in expanded study sets. 

• SRS+ may define a subset of TNBC who  would be especially sensitive to treatment with HER2 TKIs, AR/GR inhibitors, 
AKT-mTOR inhibition, etc. and  these therapeutics may effectively target tumors that are especially aggressive and have 
worse outcomes in the adjuvant setting. 
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Causes of mutations in cancer

• Known causes:
• Aging

• Repair deficiencies (i.e., BRCA)

• Viruses (i.e., HPV)

• Endogenous Proteins (i.e., APOBECs)



Pecori R, Di Giorgio S, Paulo Lorenzo J, et 
al. Nat Rev Genet 2022;23(8):505-518

Endogenously, APOBECs act as viral 
restriction enzymes



APOBEC3B (A3B) level correlates with higher 
rates of recurrence in HR+ tumors

Law EK, Sieuwerts AM, LaPara K, et 
al. Sci Adv 2016;2(10):e1601737



Data Base

Luminal B like Basal like Her2 likeLuminal A like

A3B High and A3B 

Low

Divide TCGA by 33rd tertiles of 

A3B expression

Separate by 

ER/PR+, HER2-

Separate by 

ER/PR+, HER2+

Separate by 

ER/PR-, HER2-

Separate by ER/PR-, 

HER2-

Pathway Analysis

TCGA  Pathway Analysis



APOBEC mutations across breast cancer subtypes

From TCGA



Tumors with higher levels of A3B expression 
have a higher enrichment score

***

n = 550 n = 275



TCGA pathway analysis shows several immune 
related pathways

A3B High vs Low



In ICGC, pathway analysis is dominated by 
immune mediated signaling

A3B High vs Low



Pathways related to the P450 system are shared 
between most subtypes

p-value

A3B High vs Low



Pathways related to the P450 system are shared 
between most subtypes

p-value

A3B High vs Low



CYP2D6 downregulation is seen in most 
subtypes



Enzymes related to pyrimidine metabolism are 
also shared between most subtypes



Conclusions

• HER2-enriched and basal-like subtypes have among the highest 
expression and mutational pattern for APOBEC3B

• APOBEC3B expression can be a useful surrogate for mutations

• APOBEC3B high expressing tumor samples have altered drug 
metabolism pathways 
• Pathways related to tamoxifen metabolism are altered and may suggest a 

potential mechanism driving tamoxifen resistance.

• High APOBEC3B expressing tumors may be more susceptible to other treatments 
like 5-Fluorouracil
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Diagnostics 2030:
What AI can (and 
can’t) do for you.

As foretold by: Sandy Borowsky in 2024
And reported at the RISE UP for Breast Cancer 

meeting, November 2024





Wait… How did that get in there?

• Condolences Yankees fans…

• If you want to relive the highlights…
• Like I do…. Use this QR code

• I have several other QR codes 
embedded in this talk, so this is a 
heads up to get your phones ready.



Disclosures:

• I will talk briefly about technology developed at UCDavis that is 
licensed to a start-up company “HISTOLIX” - I have founders’ shares.



Crisis: Necessity is the mother of invention…

John F. Kennedy pointed out that the Chinese word for “crisis” has 
symbol components of “danger” and “opportunity.”*

危机
危险
机会

Crisis

Danger

Opportunity, Chance, Odds

*This is not precisely accurate, of course, but some poetic 
license might be granted.  For details see wikipedia: 



Crisis: Three Big Deals in Pathology Today

• Omics technologies (NGS, transcriptomes, metagenomics, metabolomics)
• Investments in the technologies are initially outside the realm of any single hospital system… 

venture capital… industry investments… and their need to generate revenue drive the 
innovation…

• Blood-based testing (Combine imaging with ctDNA)
• This testing, again developed primarily by industry could bypass pathology--- which would be 

unfortunate.

• AI digital pathology image analysis
• Could replace the cumbersome and slow and expensive to train carbon life forms…  but 

ideally will be used to make us more efficient, accurate, and reproducible.

危机



What is precision 
medicine?

• Evidence-based measurable characteristics with implications for outcome and optimal 
treatment.

Wait a second… that’s what we in pathology call: Diagnosis!

• We are the integrators of ever-increasing data sources: DNA sequencing, gene expression 
signatures, meta-genomics/microbiomes, data analytics.



Molecular Diagnostic Classification

• Rather than layering, this should 
be primary.

• Evolving knowledge, nimble 
criteria changes.

From: Cancer Cell Volume 40, Issue 6, 13 June 2022, Pages 592-594

https://www.sciencedirect.com/journal/cancer-cell
https://www.sciencedirect.com/journal/cancer-cell/vol/40/issue/6


So… we all need to be Molecular Pathologists.
• Incorporating the molecular with the morphology to provide 

complete diagnosis.

• Understand the testing methods, especially the limitations/pitfalls
I think we will see molecular methods for tissue analysis take the place of 
much of our current IHC.  The technology allows simultaneous quantitative 
and spatially localized assessment of thousands of molecules simultaneously.  
The pathologist’s role will be to sort out which are informative for diagnosis, 
prognosis, and precision therapy response prediction.

What to do about it…

To Do List
1. Keep learning…
2. Bring technology in-house
3. Control the reporting and context of 

sendout test results
4. Be involved in the development and 

validation of the next generation of tests



Biomarker 
Discovery 

• Drives more impactful 
clinical trials. (Not driven 
by a single drug 
application).

• Can be reported ahead of 
clinical adoption. 
(Pathology can drive 
understanding).



Digital Pathology and AI Image Analysis

With the right tools applied by pathologists, our histopathologic diagnoses will 
be faster (maybe 10x), more objective/quantitative, and reproducible.

With the right data, we can catalog better classifiers and response predictors 
that are fast and easy to apply.

Developers who think this can be done without pathologists… well… they are 
blind.

What to do about it…

To Do List
1. Develop direct digital capture methods.
2. Tools run in the background to speed up 

histology evaluation and ensure quality
3. Tools for report generation.
4. Learning engines for improved 

classification.
5. Pathologists are the primary users.



These tools require digital 
pathology images:

• UC Davis Borowsky/Cardiff was the first site to 
own/use an Aperio ImageScope digital slide scanner 
circa 1999.

• UC Davis SOM was the first to use WSIs in the 
medical school curriculum.

• UC Davis led the multi-site validation study to provide 
data for FDA approval of digital pathology for primary 
diagnosis.

What to do about it…



The Plan for AI: Insist on the tools that help.

• Work with ‘em not against ‘em
• Insist on the tools we need, not what they imagine
• Incorporate “big” data analysis, multiple IHCs, DNA/RNA sequence



Helpful things: Counting mitoses.



Why is counting mitoses important?

• Proliferative rate is the primary driver of the 
OncotypeDX score.
• Oncotype is expensive and proven to be replacable.

• Example: IHC4   (below)

• High inter-observer variability.

• Time consuming/tedious.



Helpful things: Quantitative grading

Scientific Reports volume 12, Article number: 3383 (2022)

https://www.nature.com/srep
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What to do about it…



A Pilot Validation Study Comparing Fluorescence-Imitating Brightfield 
Imaging, A Slide-Free Imaging Method, With Standard Formalin-Fixed, 
Paraffin-Embedded Hematoxylin-Eosin-Stained Tissue Section Histology 
for Primary Surgical Pathology Diagnosis
Alexander D. Borowsky, MD; Richard M. Levenson, MD; Allen M. Gown, MD; Taryn Morningstar, BS; Thomas A. 
Fleury, MD; Gregory Henderson, MD; Kurt Schaberg, MD; Amelia B. Sybenga, DO; Eric F. Glassy, MD; Sandra L. 
Taylor, PhD; Farzad Fereidouni, PhD
Arch Pathol Lab Med. 2024 Mar 1;148(3):345-352





Variability in Reexcision Following Breast Conservation 
Surgery
McCahill, et al
JAMA. 2012;307(5):467-475.



Variability in Reexcision Following Breast Conservation 
Surgery
McCahill, et al
JAMA. 2012;307(5):467-475.



“Positive margins (ie, invasive carcinoma or DCIS at an inked tissue edge) have 
consistently been associated with a higher risk of local recurrence than negative 
margins.2 Therefore, obtaining negative margins is the primary goal of breast-
conserving surgery. Unfortunately, there is far from universal agreement as to what 
constitutes an adequate negative margin.”

Should Intraoperative Frozen Section Evaluation of Breast Lumpectomy Margins Become 
Routine Practice?
Stuart J. Schnitt, MD, Monica Morrow, MD
American Journal of Clinical Pathology, Volume 138, Issue 5, November 2012, Pages 635–638.

“Ultimately, patient outcomes will be optimized by considering the full spectrum 
of factors that predict tumor burden and impact on local recurrence. Much of 
this information, however, is not available at the time of initial surgical resection 
of the primary tumor.”



Other problems with frozen sections:

• Tissue destructive.
• Possible that a true positive margin is lost in processing to result in a 

false negative margin (irretrievable on permanents)

• Artifacts can make interpretation difficult.
• Alteration of architectural features makes benign lesions such as 

sclerosing adenosis more closely mimic invasive carcinoma

• Artifactual clefting / spaces around tumor cells simulates 
lymphovascular invasion

• Digital imaging requires an extra step.



Fereidouni and Borowsky 1R01 CA277527-01, “GigaFIBI: rapid, 
large-format histology-resolution imaging for intraoperative 
assessment of breast lumpectomy margins.”



ARPA-H:  Precision Surgical Interventions program
“…to classify margins as positive or negative within 15 minutes without 
a pathologist.” Fereidouni, Borowsky and Madabhushi (Emory).



Teaching AI to work like a pathologist….



Autostainer:  Leica Bond Rx
Opal fluorophores 

▪ Center for Genomic Pathology Laboratory:  Core laboratory, spin 

off from MBP providing advanced histology, immunohistochemistry, 

multiplexIF, image analysis including ML/AI methods, advanced 

experimental techniques, 3d culture etc.

Borowsky Resource Core Laboratories

Spectrally Unmixed 
Composite (inForm)

Cell Segmentation
(inForm, QuPath)Spatial Analyses

(spatstat R package)

T cells

Tumor cell

CK CD3 CD20

Foxp3 CD117 Ki67

C
e
ll
 S

iz
e

C
e
ll
 S

iz
e

Phenotyping/Gating
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Serves over 50 Investigator Teams across SOM, SVM, others including extramural.  Roughly $1,000,000 annual business.

Polaris Imaging Platform

Spot matrix illustrating associations 
with high-risk clinical features



We all need to also become Immunologists

• Medicine is still at the very start of harnessing/enhancing the immune 
system to treat and prevent disease.

• PHENOTYPERs needed!

It is Time for TIME (Tumor Immune 
Microenvironment) in Experimental and Diagnostic 
Pathology



Immunology for Cancer and for Health
• In addition to the Tumor Immune MicroEnvironment and precision cancer immuno-oncology…

• Immune monitoring for health and disease prevention

• The immune system as the effectors of microbiome changes

• GMP for cell-based therapies… apheresis centers and Car-T cells.

• Experimental models for immune interactions
• Building a better mouse

• 3D microfluidics

I believe we are only at the tip of the iceberg in harnessing and augmenting 
the immune system for a wide array of disease treatments… and more 
importantly disease prevention.

What to do about it…

To Do List
1. Keep learning… and teaching immunology
2. Bring technology in-house
3. Validate these immune system biomarkers
4. Develop experimental pathology models 

and methods





Inter-observer diagnostic variabilityExperts         
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Microarrays

(Agilent 44K)
DNA Sequencing Tissue Staining

Immune cell types

Immune signaling

ER/PR/HER2

Expression signatures Molecular Characterization Tumor microenvironment

Cross-platform correlations

Associations with clinical characteristics

Associations with recurrence events

Genome-wide CNA profile

Mutation burden

Driver mutation profile

IP1.2 mIF (n=53)

IP2.2 mIF (n=57)

SP1.1 mIF (n=59)

singleplex IHC (n=54)

Cell densities

Scores/ratios

Spatial metrics

DEFENSE Study Cohort (n=63) 
DCIS: Elaboration of Factors from Enlarged lesions that Nevertheless Stay Encapsulated

DCIS > 5cm + at least one high-risk feature:
(age < 45 years, high grade, palpable mass, presence of 
comedonecrosis, HR negative, HER2 positive)

Whole exome 

(n=17)

Copy number

analysis (n=34)
Gene expression

(n=52)



Cell-Cell proximities

Will the Real Pre-cancers please reveal yourself…



DEFENSE Summary

Conclusions/Hypotheses:

1. Myoepithelial cells may limit host immune recognition 

of the DCIS cells harboring neoantigens.  

2. HER2 amplification/overexpression itself may be one 

of these neoantigens (high prevalence in our cohort, 

but also high prevalence in all DCIS compared to 

invasive carcinomas.)

3. DCIS can be stratified based upon features of the 

tumor immune microenvironment

4. Intrinsic epithelial subtypes include propensity for high 

neo-antigenicity.



Stromal region

Epithelial region

Cancer cell clusters

Stromal cell clusters

Tumor infiltrating lymphocytes (TILs)

Stromal TILs

Deep learning-based mapping of cells, 
tissues, and structures on histopathology 

images

Mining the TIME 
and histologic 

primitives for AI-
powered 

interpretable 
biomarkers  

DEEP PHENOTYPING: Digital Pathology



Dimensionality 
Reduction

• Can predictive immune infiltrate 
patterns be determined with fewer 
markers using AI?



https://www.nature.com/articles/s41598-021-83102-6



Collagen fiber detection

Epithelium segmentation

Collagen vectors in tumor-associated stroma

Collagen fiber orientation disorder calculationLow degree of disorder High degree of disorder

Short term survival long term survival

Li et al, npj Breast Cancer, 2021



Disorder of collagen fiber orientation associated with risk of recurrence in ER+ 
breast cancers in ECOG-ACRIN E2197 & TCGA

Unmet Clinical Need
• Early stage ER+ breast cancer (BC) is the most common type of 

breast cancer in the United States

• Predicting the likelihood of recurrence for patients helps physicians 

plan more tailored treatment strategy to improve survival rate.

)   long term survival(low degree of CFOD-TS )
Results: 

E2197 (n=234) TCGA (n=171)

• Collagen Fiber Orientation Disorder in Tumor associated Stroma (CFOD-TS)  

was independently prognostic for ER+ BCs in E2197 and TCGA.

Short term survival

 (low degree of CFOD-TS)

long term survival

(high degree of CFOD-TS )

Take away:

Over-expression of CFOD-TS independently associated with lower 

likelihood of recurrence and could potentially serve as a prognostic 

marker of outcome for ER+ invasive breast cancer. 

Collagen fiber orientation calculation



Computer extracted features of immune architecture from H&E Whole slide images are associated with 
disease-free survival and benefit of radiotherapy in Ductal Carcinoma in situ (DCIS)

Li et al, Lancet Dig Health, 2024



Take Aways

• AI is not magic – Need to be thoughtful and intentional in developing algorithms.

• Computational Analytics with routine imaging and data could help address questions in 
precision medicine, specifically prognosis and predicting response to therapy

• Low cost computational diagnostics, need to be intentional in addressing equity.

• Global impact, especially low and middle income countries.

• Multi-scale disease associations, looking to establish the morphologic and molecular basis 
of the imaging features. Need an intuitive basis to drive clinical adoption



So we all need to be Bio-informaticists.
• Maintain and curate the databases.

• Choose and validate the software tools.



The importance of teamwork:
Just when you think you’ve got it all figured out… everything turns out to be far more complex 
than you ever realized… (I say this a lot, but maybe someone said it first?)

The Blind Men and the Elephant.  Hindu parable c.1000BC.

“We choose to go to the Moon in this decade and 

do the other things, not because they are easy, 

but because they are hard; because that goal will 

serve to organize and measure the best of our 

energies and skills, because that challenge is 

one that we are willing to accept, one we are 

unwilling to postpone, and one we intend to win, 

and the others, too.”
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Tumor classification
in optimizing therapy & outcomes

No Subtype Left Behind
Patient Perspective

Amy L Delson, AIA
UCSF BSAC
November 1, 2024 Apples & oranges of  different colors - Cezanne



“Fear of  cancer recurrence is considered one of  the most 
pervasive and burdensome sources of  distress for patients” 
(KCCure)

Solving the puzzle of improving outcomes and QoL with 
better tumor classification?
• What kind of cancer do I have? Precision Dx 

Integration  (Sandy Borowsky)
• What is the right drug for me? RPS Guided Therapy 

(Denise Wolf)
• Is my tumor responding to treatment or recurring? 

ctDNA trajectory (Mark Magbanua)
• How can we stop it? Targeting novel resistance 

pathways 
• CARM1 (Tam Binh Bui) 
• APOBEC3B (Temiz Pardo) 
• SRS: (Julia Wulfhulke)



Recipe for Optimal Dx to Rx
Digital Image Analysis + Incorporate: 

+ AI (pathomics) 
• Faster with objective/consistent 

results
• Can provide spatial organization & 

structure

+ Omics of all sorts
+ Liquid Biopsy
+ Immune Landscape (TIME)
+   TBD
Multi-modal data integration, but 
how to sort out what is actionable/ 
meaningful?
(Sandy Borowsky)

Lu C, Shiradkar R, Liu Z.

Precision Dx: Integration 

Chick Digital



What is the right drug for me?

Efficacy

Tolerability

Molecular subtyping  (RPS = tumor molecular 
signature + receptor) so far improves pCR 
rates but not for all patients.
Optimize RPS and identify resistance targets.

• How fine-grained can you get without losing 
statistical significance?

• Add the history of response to predict 
response to “next block”?

RPS+response_to_BlockA --->   assignment probabilities 
Block B (Denise Wolf)

Integrate with QoL



ctDNA: Is my tumor responding to 
treatment?  Will/has my cancer 
come back? (Mark Magbanua)

• Can discover before it shows up in imaging.
• ctDNA Trajectory: T0, T1, T2, T3 …. Clearance or not
• Prognostic/Predictive: resistance, local or distant 

recurrence  
• Tumor-informed ($$$ 𝑓 #mutations  & tumor-

agnostic (when no tumor available)

“There are major gaps in understanding of the
clinical implications and actionability of ctDNA in
the early (nonmetastatic) setting, and there is no
clear guidance on what to do with a positive ctDNA
result if there is no clinically evident recurrence.
Would regular testing intensify fear of recurrence
and associated anxiety and affect overall health-
related quality of life?” Yara Abdou MD

Dr. John Strickler – Cancer Connect



How can we stop resistance 
driving progression?  

• New pathways in non-response 
biology: CARM1i (Tam Binh Bui) 

• Avoid drug resistance: APOBEC3B 
(Temiz Pardo) 

• Target steroid receptor signature 
(SRS) in TNBC (Julia Wulfhulke) 

Monotherapy is not enough. How 
many targets must we hit to 
achieve a durable response and 
overcome tumor recurrence??? Hitting all the right targets?

The power of synthetic lethality to overcome 
intrinsic drug resistance using drug 
combinations: “..such resistance to combination 
therapies may become less common when 
these combinations are used earlier in disease 
progression when tumor heterogeneity is 
lower.” Nature Reviews Drug Discovery
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