
III. Digital Twin AI
for Precision Screening 



International Asian Cancer and Chronic Disease Screening Network, IACCS 2026

PART 1: Stochastic Process for 
Personalized Multi-State Disease Natural History.

Professor Tony 

Hsiu-Hsi Chen

Amy                   Wenly P                           Abbie                    Chen-Yang                       Sam   



B R I D G I N G  M A C H I N E  L E A R N I N G  &  S T O C H A S T I C  P R O C E S S E S

LSTM Meets the Stochastic Process
A classifier indexed by observations — versus a natural-history model indexed by time.

LSTM — a Sequential Classifier

h₁ h₂ h₃→ →

↑

x₁

↑

x₂

↑

x₃

→ ŷ

CRC risk

1 2 3 event index
(FIT #1, #2, …)

▪ Hidden state hₜ is defined by the inputs X.

▪ “Time” = order in the sequence — no real clock.

▪ Blind to the gap Δt between screenings.

▪ Goal: a classifier → ŷ = predicted risk.

Stochastic Process — Real Continuous Time

Free PCDP Clinical

→ →

q₀₁(t) q₁₂(t)

→
real time  t  (years)

▪ Latent state evolves in real, continuous time t.

▪ Intensities q(t) & sojourn times are true durations.

▪ The interval between screens carries information.

▪ Goal: model the natural history → time-resolved risk.

The bridge — the LSTM’s hidden process is defined by the data X; the stochastic process is defined by time t.  Give 
the learner a real clock, and the two become one model.



R O A D M A P

The Arc of This Talk

A multi-state journey — from the hidden biology of disease to AI-assisted precision screening.

01

Hidden States

Stochastic processes recover 
the multi-stage transitions 
hidden behind a screen.

02

Beyond Markov

Non-homogeneous incidence 
— with transition rates indexed 
by covariates.

03

Initiator & Promoter

Personalized factors drive a 3-
state natural-history model.

04

Tailored Screening

Genetic & epigenetic factors → 
an individualized strategy.

THE CHALLENGE

Estimation turns hard — the linear-regression 
intuition we trust no longer holds.

→
NEW ERA

① Code-free SAS & Python tools

② Machine learning & artificial intelligence

Digital Twin AI for Precision Screening   ·   IACCS 2026
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1. Hidden States

Beyond
Markov

Initiator &
Promoter

Tailored
Screening

The
Challenge

New
Era

Screening sees only a sliver of the disease process. Stochastic models 

recover the multi-stage transitions underneath.

Hidden
States



What Screening Data Cannot see?

1 Screen-detected, then removed

removed

we never see the rest of its natural history

2 Interval cancer — surfaces between screens

passed through unseen jumps straight to clinical

Healthy Detectable
(PCDP)

Clinical cancer

observed unobserved



What Screening Data Cannot see?

1 Screen-detected, then removed

removed

we never see the rest of its natural history

2 Interval cancer — surfaces between screens

passed through unseen jumps straight to clinical

Healthy Detectable
(PCDP)

Clinical cancer

observed unobserved

Two important factors in screening: 
disease status (State) and time. 

→ Stochastic Process 



R E A L  W O R L D  D A T A

TAMCAS Cohort

Index Cases
Breast Cancer Patients from Hospitals

2nd degree female relatives,
aged 35+  (N= 4,865)

Invited for annual screening
Physical Examination + Mammography + Ultrasound

Period: 1995 to 1998

86 screen-detected 
cases and 7 interval 
cancers

Study Design

Lai MS et al. Int J C; 1998 (78) 21-26 



R E A L  W O R L D  D A T A

Data on detection mode (state) and time
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Disease-Free

Screening is negative

Preclinical

Detectable, no symptoms

Clinical

Symptoms appear

Sojourn time =  how long disease stays detectable but silent in Phase 2

W I N D O W  O F  O P P O R T U N I T Y

Where Screening Can Act

THE WINDOW OF OPPORTUNITY

5.6
per 1000

0.5017
per year

1.99
years



A p p l i c a t i o n

Stochastic Twin Generator
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2. Beyond the Markov Assumption

Beyond
Markov

Initiator &
Promoter

Tailored
Screening

The
Challenge

New
Era

Incidence is not homogeneous over time/ across individuals — so we let 

transition rates vary, and index them by time/covariates.

Hidden
States



W H Y  C O N S T A N T  R A T E S  F A I L

Homogeneous vs Non-Homogeneous

Homogeneous Non-Homogeneous

Transition rates Constant over time Change with age & history

Risk profile One-size-fits-all Individualized

Clinical realism Low High

Real disease accelerates — a flat rate hides who is truly at risk.



E M P I R I C A L  P R O O F

Risk Truly Accelerates

Weibull shape parameter

k = 2.47
SE = 0.11

k > 1 confirms preclinical incidence rises 
steeply with age.

Preclinical incidence vs age

40 50 60 70



M A P P I N G  T H E  H A Z A R D  R A T I O S

Onset and Progression Risk

Disease Onset Disease Progression

BMI > 23 2.59× 1.99×

Late pregnancy 1.98× 1.56×

relative risk

Obesity and late age act as both initiators and promoters.
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3. Initiators & Promoters

Beyond
Markov

Initiator &
Promoter

Tailored
Screening

The
Challenge

New 
Era

Personalized factors enter the 3-state model: who develops 

disease (initiators), and how fast it advances (promoters).

Hidden
States



C O H O R T  A R C H I T E C T U R E

50,666 Women, Two Eras

The Trial Period
Active screening every 24 months; conventional 
risk factors and breast density recorded.

The Registry Period
Cancer registry linkage adds genes, tumour 
phenotypes and molecular subtypes.

4,935 breast cancers 
captured across both eras



R I S K  S T R A T I F I C A T I O N

From Profile to Strategy
Profile BMI Late preg. Dense Family hx Subtype Risk

A >25 Yes Yes Yes Basal-like High

B <25 Yes Yes No HER-2+ Intermediate

C <25 No No No Luminal A Low

Free of BC → CP Free of BC → PCDP PCDP → CP

A: High

B: Intermediate

C: Low

A: High

A: HighB: Intermediate

B: Intermediate

C: Low
C: Low
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4. Tailored Screening

Beyond
Markov

Initiator &
Promoter Tailored

Screening

The
Challenge

New
Era

Layering in genetic and epigenetic factors turns the model into an individualized 

screening strategy.

Hidden
States



Gene 

mutation-

BRCA1

BRCA2

Gene 

Polymorphism 

(SNPs)-
rs2981582, 

rs3803663, 

rs889312, 

rs3817198, 

rs13281615, 

rs13387042, 

rs1045485

Personal 

attributes-

BMI

AP

Biomarkers-

ER

Ki-67

HER-2/neu

Breast 

Density

Normal Preclinical Clinical
λ₁₂

→
λ₂₃

→

L A Y E R E D  D E T E R M I N A N T S

What Indexes the Rates

High-penetrance genes Polygenic SNPs Personal traits Biomarkers & density



T A I L O R E D  P R O T O C O L

Screening Matched to Risk

Risk percentile Start age Interval Imaging tool

90–100 30 4.8 months MRI + Mammography

70–90 35–40 1–1.5 yr Mammography + Ultrasound

50–70 45–50 2–3 yr Mammography + Ultrasound

< 50 55–60 4–10 yr Mammography

Higher risk  →  earlier start, tighter interval, more sensitive imaging



T H E  P A Y O F F

Individually Tailored Screening

Low riskHigh risk

One model — a personalized screening plan for every woman.

Personalized risk for breast cancer

Age to being 
screening

Inter-screening 
interval (year)

0.5             1              1.5              2              3                 4                >4

<30             35             40             50             55              65                65 



Multi-State Disease Model

1
Normal

2 Small
adenoma

3Advanced
adenoma

b1 b2 b3

8 NP small
adenoma

9 NP advanced
adenomab7

b8

4 PCDP
early

5 PCDP
late

6 Clinical
early

7 Clinical
late

b5

b4

b6

Personal features

FIT (f-Hb)

Age · Sex

Smoking

Betel · Alcohol

Diet

Comorbidity

COMBINE

Each person's own trajectory through time

High-risk person — fast

Low-risk person — slow

same states, different speed

Multistate 
Model
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5. The Challenge

Beyond
Markov

Initiator &
Promoter

Tailored
Screening

The
Challenge

New
Era

As factors accumulate, estimation grows hard — and the 

familiar linear-regression relationship no longer holds.

Hidden
States

The limits of linear regression
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6. The New Era 

Beyond
Markov

Initiator &
Promoter

Tailored
Screening

The
Challenge

New 
Era

Two answers make the method usable at scale — and push it forward

Hidden
States

① Code-free tool SAS / Python ② Machine Learning & AI



Multi-state Disease Prediction System

Demonstration: 
SAS-based estimation 
tool



T H E  P A Y O F F

Hand-on Practice: 

Python-based 
estimation tool



M A C H I N E  L E A R N I N G  &  D I G I T A L  T W I N S



Digital Transformation 
of Cancer Screening

Universities

NGO

Clinicians

Taiwan
Cancer Screening Program

Community

Government


