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“A characteristic that is objectively measured and evaluated as an indicator of normal biological 

processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention”

Definitions of a biomarker

Biomarkers Definitions Working Group, Clin Pharmacol Ther 2001

Biomarker type Definition Example

Predictive Used to identify individuals who are more likely to respond to a therapy BRCA1/2 mutations (PARP inhibitors)

Pharmacodynamic (PD) 

[with pharmacokinetic 

(PK)] 

Used to determine “how much” and “how long” target and pathway are modulated γH2AX induction (PARP inhibitors)

Pharmacogenomic Used to understand how variations within the genome influence drug response 

and toxicity

DPYD variants (Capecitabine)

Intermediate endpoint 

(surrogate)

Used as an intermediate readout of treatment effect at a point in time earlier than 

the clinical endpoint of interest

Tumor shrinkage (for overall survival)

Prognostic Used to identify likelihood of a clinical event, disease recurrence or progression PSA (Prostate cancer)

Functional Definitions



“A characteristic that is objectively measured and evaluated as an indicator of normal biological 

processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention”

Definitions of a biomarker

Biomarkers Definitions Working Group, Clin Pharmacol Ther 2001

Biomarker type Definition Example

Integral Biomarkers performed to define eligibility, stratification, disease monitoring or study 

endpoints. Inherent to the design of the trial and measured in real time.

BRCA1/2 mutations

Integrated Associated with a scientific question or a statistically testable hypothesis based on 

preexisting data. Ideally, the assay should already have been tested in human subjects with 

the disease in question and demonstrated reproducible analytic qualities.

WES and RNAseq

Exploratory Other biomarkers, often analyzed retrospectively and not collected for all patients ctDNA

Regulatory Definitions



What biomarkers should be used and why

Biomarkers should be associated with a 
specific question/hypothesis and analysis plan

Potential tissue for biomarkers



Workman P, Curr. Pharm. Des. 2003 

The PhAT
The Pharmacological Audit Trail
“A framework linking biomarkers for go/no-go drug development decisions”



The PhAT
The Pharmacological Audit Trail

Workman P, Curr. Pharm. Des. 2003 

Yap et al, Nature Reviews Cancer 2010



Need totality of orthogonal data to make informed go/no-go 

decisions to increase odd of success in drug development

Venkatakrishnan, K. & van der Graaf P. H, Clinical Pharmacology & Therapeutics, 2022   Table courtesy of Lillian Siu

Drug
• Drug class

• MOA

Patient Population
• Histology selection

• Molecular biomarker selection

Toxicity
• DLT

• Chronic toxicity requiring dose 

interruptions/reductions

Pharmacokinetics (PK)
• Dose-PK effect relationships

• Biologically relevant concentration

Pharmacodynamics (PD)
• Target and pathway modulation

• Proof-of-mechanism

Clinical Activity
• Objective responses

• Supporting evidence, e.g. tumor markers, 

ctDNA molecular responses

Totality of data needed for dose optimization

What are the key ingredients for success?



Caveat: combinations may still be needed to optimize antitumor activity 

• Allow early clinical testing/validation of biomarker assays

• Permit early hypothesis-testing/generating studies

• Optimize chance of early antitumor signals and decrease number of patients receiving ineffective 
treatments (and avoid “drug development fatigue” for drug)

• May avoid late drug attrition and reduce costs

Advantages?

Incorporating predictive biomarkers into phase I trials

Enrich dose escalation population with predictive biomarker

• Incorporate a priori provisions in protocol to add on patients of interest in each cohort

• Include “backfill” cohorts for biomarker studies
• Try and make every patient count and make the drug count in every patient! 

• Need to consider ease/speed of accrual and how validated predictive biomarker is
Mandate expansion cohorts with molecularly-driven tumors

• Phase I expansions are the ‘new’ single arm Phase II trials for early antitumor signal searching

How? Use NGS and other assays where available and appropriate for the question you 
are asking (done on case-by-case basis depending on robust preclinical data)



• No analytically validated and clinically qualified predictive biomarker
• Multiple aberrations:

- Druggable and/or actionable aberrations?

- Drivers vs passengers?
- Lack of functional studies to confirm significance of aberrations
- Context dependency between tumor types and subtypes

• Exclude patients who may benefit (e.g. PD-L1 negative patients in NSCLC)
• Biomarker costs and logistics
• Quality of tissue processing and tumor content
• Archival tumor may not reflect current day biology

- Clonal evolution
- Intratumoral heterogeneity

• Poor molecular matching rates between biomarker positive patients and trials 

- Genomic decision support important for: (1) variant annotation; (2) matching 
patients with trials

Incorporating predictive biomarkers into phase I trials

The issues



Protein Translation

AKT
Thr308

Ser473

IRS1P

P
PI3 Kinase

PIP2

PIP3

PTEN

P

P

Proliferation

GSK-3
P

TSC1/2

Rheb

mTORC1

p70 S6K

S6RP

P

P

P

BAD
P

Survival

FOX0/
Forkhead

Transcription/

Survival

P

Cyclin D1

4E-BP1

P

eIF-4E

PRAS40
P

1. Pick biomarkers
e.g. AKT inhibitor phase I trial

• Tumor biopsies

• E.g. ELISA for phospho and total AKT, GSK3, p70S6K and PRAS40

• Paired pre/on-treatment biopsies; keep optional during dose escalation 

(start from BED) and mandate during backfill cohorts and/or expansion 
cohorts

• Blood sampling – e.g. PBMCs or Platelet Rich Plasma (PRP)

• E.g. ELISA for phospho and total AKT, GSK3, p70S6K and PRAS40

• Longitudinal sampling: multiple timepoints (similar timepoints as PK 
sampling); all patients

• Other normal tissue may also be considered

• ctDNA is an indirect PD biomarker and has other uses

2. Pick tissue

Normal tissue PD data from all patients will support tumor PD data from paired biopsies from selected patients 

PD biomarkers: Confirm proof-of-mechanism and define biologically effective 

dose (BED) range

Incorporating pharmacodynamic biomarkers into phase I trials



Timothy A. Yap, MBBS, PhD, FRCP

Metastatic colorectal cancer with KRAS, TP53 and APC mutations

Monitoring of tumor clone dynamicsMultiple applications
• ‘Real-time’ molecular characterisation (predictive 

biomarkers of response or resistance)
• Understanding heterogeneity of response
• Determine mechanisms of resistance
• Early detection of progression (before RECIST)

• Guide early change of treatment 
• Suggest potential combinations 

Frenel et al, CCR 2015

Incorporating longitudinal sampling of ctDNA in early phase trials

E.g. ATR inhibitor camonsertib trial ctDNA studies
▪ Longitudinal ctDNA studies incorporated into Phase I ATR 

inhibitor camonsertib trial (Repare Therapeutics)

▪ Patients with clinical benefit (CR/PR/durable SD) showed 
early reductions (at least -50%) in ctDNA mVAF 

▪ Median time to molecular response 3.3 weeks 

▪ Potential utility as early treatment response biomarker

 

Molecular responses with ctDNA may support 
clinical benefit of novel agents

Yap et al, Nature Medicine 2023



1. Backfills

2. Randomization of 2+ 
dose levels

1. BOIN Phase I trial design (not 3+3)

2. Molecularly select all patients prospectively for putative predictive 

biomarkers of response (if supported by preclinical/clinical data)

3. Assess PK/PD in all patients in blood (or other normal tissue for PD)

4. Optional pre/on-treatment tumor biopsies during escalation

5. Mandatory pre/on-treatment tumor biopsies during selected 

backfill/expansion cohorts

6. Collect streck tubes at multiple timepoints for ctDNA studies in all 

patients; retrospective analysis at selected timepoints

7. Gain safety/PK/PD/efficacy experience through backfill cohorts during 

dose escalation (triggered at active dose levels based on safety/ PK/ PD/ 

efficacy)

8. Backfill cohorts are crucial for selecting dose/schedules and patient 

populations to use for dose optimization per Project Optimus

9. Compare dose levels with non-overlapping PK in similar patient 

populations for dose optimization

Summary: 

My ideal phase I trial design

Remember – if the drug doesn’t work, it will never work no matter 
how good the trial design, but a good design will discontinue 
such drugs early to minimize exposing more patients to toxic/ 

ineffective drugs and longer-term fiscal toxicities



Dose optimization biomarker strategies: 

Final thoughts

• Biomarkers are key to enhancing success in drug development

• Use Pharmacological Audit Trail as a biomarker framework 

• Evaluate totality of all orthogonal dose-effect analyses for dose optimization: Safety 

(acute and chronic), Pharmacokinetics, Pharmacodynamics (define biologically 

effective dose range), Antitumor Activity (predictive biomarkers) 

• Plan and analytically validate predictive and pharmacodynamic biomarker assays 

early and in parallel to drug discovery and development
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▪ Biomarker data may be useful in making more rapid dose selection 

decisions in oncology drug development

▪ We share our experience using tissue-based biomarkers and  circulating 

biomarkers in our early phase development programs 

▪ In conjunction with the totality of the available data (e.g., efficacy, PK and 

tolerability), biomarker data can support dose selection decisions. Use of 

biomarker data alone for these decisions is unlikely at this time

Executive Summary



▪ Previous approaches to dose selection (i.e., MTD) are giving way to more 

rigorous optimization approaches

▪ Efficacy and long-term safety readouts, while gold standard, take time and 

resources

▪ Use of the correctly chosen biomarker surrogate may help add to the data 

used in dose selection

Problem and potential solution



▪ What we’ve done at Loxo@Lilly

• Tissue/tumor markers of target engagement

❑ Change in target

❑ Downstream markers of engagement

• Circulating markers

❑ ctDNA

▪ Other matrices I’ll touch on
❑ PBMC, platelets, CTC,  circulating metabolites, etc

Biomarkers and dose selection



Tissue-based biomarkers: Pre-operative window 
of opportunity study (EMBER-2)

Neven et al, ESMO, 2023

• EMBER-2, a pre-operative window of opportunity (WOO) trial  assessed PD, PK, biological 
effect and safety of multiple doses of imlunestrant in patients with ER+, untreated EBC. 

These data were used, in combination with results of EMBER trial to determine RP2D for 
two large P3 trials

• Primary objective: determine change in ER expression

• Secondary objectives: determine change in PR expression, Ki67 and % cell cycle arrest 
• Key Inclusion criteria:

• Post-menopausal women with stage I–III (≥1 cm), ER+ (>50% or Allred score >5), 
HER2-, operable and untreated EBC



EMBER-2: results support dose 
selection

Neven et al, ESMO, 2023

• Confirms proof of mechanism on key biological targets (ER, PR, Ki-67) in 

ER+, HER2- EBC

• Evidence of robust target engagement and PD biomarker modulation 

across all dose levels

• RP2D of 400mg selected based on efficacy, PK and safety and supported by 
PD

• ER gene module consisted of 11 genes transcriptionally regulated by ER: 

PGR, GREB1, PDZK1, TFF1, RASGRP1, AREG, WISP2, GATA3, XBP1, 

STON1, NBEA—to be published



▪ Heterogeneity in sampling

▪ Preanalytical variables

▪ Testing on boney lesions or other difficult-to-access lesions

▪ Patient enrollment/ethics

Limitations of a tissue approach



▪ Multiple use cases for ctDNA in drug development

• Patient selection

• Response analysis

• Resistance monitoring

• Biomarker discovery

▪ Why may ctDNA be useful in dose optimization?

• Dynamics correlate to clinical response 

• Operationally feasible/part of standard collection process

• Differential response by dose?

Circulating biomarkers: ctDNA



▪ ctDNA dynamics assessed by measuring ctDNA at baseline and comparing to 
longitudinal timepoint(s)

• Level of target engagement and inhibition (by dose)

• Correlation to response and outcome

▪ Methods of molecular response measurement:

• Detection or quantitative levels of ctDNA (positive vs negative, ctDNA parts/mL)

• Mutation-based dynamics utilizing changes in variant allele frequencies (all vs oncogenic vs specific 

biomarker of interest)

ctDNA dynamics defined



ctDNA dynamics correlate to RECIST 
and Clinical benefit—EMBER

• EMBER is a global first-in-human ph1a/b, open label study of imlunestrant in monotherapy in ABC

• Plasma samples collected at baseline and C2D1 or C3D1

• In ABC patients with serial ctDNA (N=85), clinical benefit (CB) and objective response  were associated with deep early 

declines in overall ctDNA (all oncogenic somatic)

Jhaveri et al. ASCO. 2022

A B



A semiquantitative approach in 
aNSCLC: ctMonitor study

Stiles et al, ASCO, 2023

• Analysis across 8 trials of targeted therapies in NSCLC 

shows association of semi quantitative ctDNA analysis to OS



Libretto-001: ctDNA dynamics across 
doses

Oxnard, ASCO, 2018

Data as of April 2018

• Libretto-001: the registrational trial of the RET inhibitor, selpercatinib in fusion-positive NSCLC and TC and RET mutant MTC

• ctDNA dynamics at C1D15 showed nearly universal response across dose levels and clinical responses (change in VAF of RET 

alteration)

• Unpublished data from our phase 1 trial of KRAS G12C inhibitor shows similar evidence of response across dose levels

Remaining questions from analyses:
• When is the best time for landmark assessment?

• Landmark vs multiple time points?

• Which variants do we follow?



▪ Variable ctDNA shed from tumors 

▪ Very sensitive assays may be required to discriminate effect—Expensive

▪ Tissue required to create bespoke panels (MRD)

▪ Can be unstable compared to FFPE (Collection/pre-analytics)

Limitations of ctDNA



▪ Improvement on existing blood-based technology

• Platelets

• PBMC

• Flow cytometry

• CTC analysis

• Metabolomics

• Methylation 

• ctRNA expression

• DNA fragmentation 

▪ Urine

▪ Multimodal technologies synthesizing multiple approaches

Other technologies



▪ Tissue and circulating biomarkers can provide evidence of target 

engagement and correlate to response

▪ Changes in biomarkers may be too sensitive to use in dose selection 
given decreases at early landmark timepoints

▪ Future studies using a variety of novel biomarkers, methodologies 

and timepoints may improve utility of this analysis

▪ For now, biomarker data should be used as part of the totality of 

clinical response, PK and tolerability data to support dose selection 

Conclusions
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1. How do we define a successful trial?

2. What are the ethical constraints in early phase trials?

3. What is the optimal design?

Objectives



(1) Scientifically rigorous - no information wasted, timely design, efficiency

(2) Obtain as much information as possible via expansions, randomization to better guide later studies

(3) Patients included in the early phase trial must be treated in accordance with established ethical 

principles 

• can not under or over-dose, or 

• expose too many patients to futile drugs

A successful trial 

36



“……. something is either research or standard care; it cannot be both” 
                                              (Miller and Rosenstein, NEJM 348: 2003)

Versus

“Enrollment on an investigational study is state-of-the-art care for many patients in 

oncology today” (ASCO, NCCN, advocacy organizations, etc.)

Much of the treatment-related research we do is performed in a care-delivery 
context with characteristics of both care and research. 

Research or state of the art, 

best treatment care?



New therapies – new ways of dosing 
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How do we measure success? Objective                 

Measurable endpoint

Design

When we start thinking of a trial

Whom to treat? Patient population

When to treat? Eligibility

How are we going to treat? Treatment 



Clinical Objectives 
Design 1
Simple dose escalation

Design 2
Dose escalation 
+ dose expansion (DEC)

Design 3
Dose escalation
+DEC
+ randomization

1. Identify the MTD and establish the safety 
profile in a heterogenous patient population 
(safety only)

1. Identify the MTD in a heterogenous patient 
population (dose escalation; safety)

1. Identify the MTD in a heterogenous patient 
population (dose escalation)

2. Identify whether the drug shows promising 
efficacy and in which disease groups (DEC)

2. Identify whether the drug shows 
promising efficacy and in which disease 
groups (DEC; efficacy)

3. Identify the appropriate patient population 
for drug development (DEC and dose 
escalation)

3. Assess whether the drug works uniformly or 
whether there are differences in response 
within subgroups (disease heterogeneity and 
drug activity)

4. Identify patient populations, dose and 
treatment schedule

5. Identify which drugs need to be eliminated 
early because they are ineffective and which 
drugs to take forward because of promising 
activity (DEC and dose escalation)



Randomized expansion cohort

Iasonos, A., O’Quigley, J. Randomised Phase 1 clinical trials in 
oncology. Br J Cancer 125, 920–926 (2021).

• 2-step approach

• Dose escalation first

• Dose expansion via 

randomization 

afterwards

• Limitation: focus on 2 

dose levels chosen in 

escalation phase/part



Backfill cohorts 



▪ How many dose levels? How many patients per dose level? 

▪ Patient heterogeneity: 

• Disease (e.g. melanoma, gynecological, breast) – dose escalation

• Dose (3 levels)  - backfill  in heterogenous groups

• Efficacy: disease specific or marker specific cohorts (dose expansion) 

▪ Subgroups become small very fast 18 subgroups times 20 pts = 360; 

▪ How do we determine the total sample size given that, per dose level n is still 

underpowered to address the question(s) of interest?

How many patients? 

43



▪ The answer is on the number of questions being addressed

▪ Hierarchy in the questions

❑ Primary

❑ Secondary

❑ Exploratory

▪ Collect rigorous data to understand why it failed, where it is working, where 

it is not going to work (inform next study), move the field forward.

▪ Eliminate systematic biases (randomization)

Patient heterogeneity and sample size 

44



▪ To balance the patient population with respect to confounders such as

• Comorbidities

• Prior treatment 

• Advanced disease

• Factors not controlled by eligibility criteria 

▪ Eligibility criteria define the patient population only up to known risk factors
• Risk factors that remain unknown

• Patient population may be different due to these unknown factors

• At the conclusion of the study, a higher efficacy in one cohort could be

• a function of the treatment or the differences in patient populations?

Role of randomization in phase I trials 



Randomize or not

Pros:

• With a randomized design have a concurrent comparison group

• Uniform evaluation criteria - controlled eligibility criteria

• Risk factors (known and unknown) tend to be balanced between 

treatment  groups

• Can be used to evaluate additional questions: e.g. biomarkers, PK/PD 

comparisons 

Cons

• Are there sufficient resources?

• What is the anticipated accrual/ duration? 

• Does it increase the total sample size?



▪ What information do we want to get?

▪ How can we maximize the information?

▪ Feasibility -we cannot get answers in 5-10 years

▪ Rare cancers or subgroup of patient population (mutation)

▪ Small dose escalation phase I designs still have an important 

role

▪ Can inform subsequent studies or hypotheses 

Constrained resources 



▪ In rare patient populations, a long-term drug development process 
that studies the drug in distinct phases of three clinical trials 
including a comparative follow-up study might not be feasible.

▪ Thus, results from early phase trials, in terms of dose, treatment 
schedule and patient population, will inform registrational studies.

▪ Although the sequential entry of patients eliminates some biases, 
randomisation will enhance our chances of avoiding imbalances in 
patients from specific categories being treated at particular doses or 
schedules. 

▪ Eliminating the chance of patients receiving an ineffective or unsafe 
dose

Rare patient population



▪ Answer the question(s) using the minimum number of patients, 

▪ Stop a futile drug early or 

▪ Expand a safe/active drug to more patients if feasible.

Drug optimization

Optimization with respect to 

sample size/ trial duration



▪ Probabilistic estimates of getting the correct answer

• Phase III setting: getting the right drug (power)

• Phase I setting:   getting the right dose or dose levels (or schedule)

▪ Stopping rules decrease the total N

▪ Even if savings seem small (3-6 patients), it allows allocating resources 

elsewhere:

• Ending the trial one year earlier or expanding another dose level; 

comparing PK/PD in another cohort of 6 patients

Probabilistic statements in clinical trials  



1. Posterior Probability; Iasonos and O’Quigley (2016)

2. Tree-based evaluation;  O’Quigley and Reiner (1998)

3. Allocation; Goodman et al (1995)

Dynamic Stopping Rules



Posterior Probability Rules
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Posterior Probability Rules
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Posterior Probability Rules

Posterior Probability  
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Posterior Probability Rules

Posterior Probability
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▪ There is no boilerplate design that can address all the clinical 

objectives

▪ The research questions being addressed, and the hierarchy of 

importance would determine the optimal design

▪ Each trial has unique elements based on preclinical, clinical 

and emerging data; patient population and available 

treatments

▪ Small, dose escalation phase I designs still have an important 

role in understanding and improving cancer treatment 

Concluding remarks



▪ Available and well established, studied tools exist and can be 

used (as is or with modification) to address challenges posed 

by new therapies

▪ Randomization is one such tool

▪ Adaptive, model-based designs provide solutions to the 

current clinical challenges  

▪ Stopping early: probabilistic estimates of getting to the correct 

answer

Concluding remarks 



iasonosa@mskcc.org

mailto:iasonosa@mskcc.org


Guest Editor Dr S. Devlin

▪ Educational purpose  ~75 references

▪ Audience: an updated review on timely topics

▪ Discussion: insights where the field is going

• FDA papers (CAR T approvals)

• Ethics 

• Immune based treatment - non PH assumption

• Window of opportunity; basket trials; patient covariates
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