
Learning interpretable causal networks from
observational data
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SEER
The Surveillance, Epidemiology, and End Results (SEER) Program



SEER
Breast Cancer (BC)

Cancer originated in breast cells
Types and sub-types depend on
cell characteristics
Most common invasive cancer in
women
Most common cancer-related
cause of death in women
Increasing prevalence since the
70’s
Specific variables for BC in
SEER



SEER
Breast Cancer (BC)

American Cancer Society, 2022.
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Causal Discovery and iMIIC
Novel iMIIC improvements



Causal Discovery and iMIIC
Search & Score and constraint-based methods

Search & Score (Scoring function ϕ)
Find the graph G that maximizes the score ϕG (.e.g, Likelihood)

Super-exponential space of networks, only → (i.e. assumes causality)

Constraint-based (Conditional independences)
Broader network class including −− → ↔ Signature of causality: X → Z ← Y

Interpretability and sampling noise issues (Spurious conditional independence)
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Causal Discovery and iMIIC
Original MIIC based on 3off2 scheme

Original MIIC based on the 3off2 scheme

Robust constraint-based approaches to finite dataset (N), based on
iterative collection of information contributors {ai}n to I(x ; y)

I(x ; y |{ai}n) = I(x ; y)−I(x ; y ; a1)−I(x ; y ; a2|a1)−· · ·−I(x ; y ; an|{ai}n−1)

Conditional independence (Including finite size correction)

I ′(x ; y |{ai}n) = I(x ; y |{ai}n)− 1
2kx ;y |{ai}n

logN
N ⩽ 0

3-point Multivariate Information (Positive or Negative)
I ′(x ; y ; z |{ai}) = I ′(x ; y |{ai})− I ′(x ; y |{ai}, z)

(1) Affeldt, Isambert; UAI 2015. (2) Affeldt, Verny, Isambert; BMC Bioinformatics, 2016. (3) Verny, Sella, Affeldt, Singh,
Isambert; PLOS Comput Biology, 2017. (4) Sella, Verny, Uguzzoni, Affeldt, Isambert; Bioinformatics, 2018. (5) Cabeli, Verny,
Sella, Uguzzoni, Verny, Isambert; PLOS Comput Biology 2020
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Causal Discovery and iMIIC
Original MIIC algorithm

Ph(X→Z) = Ph(Z←Y ) = 1+eN I′(X ;Y ;Z|{Ai})

1+3eN I′(X ;Y ;Z|{Ai})
Pt (Z→V ) = 1

1+e−N I′(X ;Z ;V |{Ai})
Ph(X→Z)



Causal Discovery and iMIIC
Original MIIC algorithm

Original MIIC vs PC · · · Skeleton Oriented-edge-only CPDAG



Causal Discovery and iMIIC
Reliability of Orientations

Reliability of orientations
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Causal Discovery and iMIIC
Reliability of Orientations

Consistent versus inconsistent V-structures
If I ′(x ; y |{ai}) < 0, I ′(x ; y |{ai}, z) > 0
=⇒ I ′(x ; y ; z |{ai}) = I ′(x ; y |{ai})− I ′(x ; y |{ai}, z) < 0
=⇒ x → z ← y (Consistent)
If I ′(x ; y |{ai}) < I ′(x ; y |{ai}, z) < 0
=⇒ I ′(x ; y ; z |{ai}) = I ′(x ; y |{ai})− I ′(x ; y |{ai}, z) < 0
=⇒ x → z ← y (Inconsistent)

More conservative orientations by rectifying negative MI∗ and CMI
Before rectification I ′(x ; y |{ai}) < I ′(x ; y |{ai}, z) < 0.
After rectification I ′(x ; y |{ai}) = I ′(x ; y |{ai}, z) = 0.
=⇒ I ′(x ; y ; z |{ai}) = I ′(x ; y |{ai})− I ′(x ; y |{ai}, z) = 0
=⇒ x z y remains non-oriented.

∗ as I ′(X ;Y ) = supP,Q I ′([X ]P ; [Y ]Q) ⩾ I ′([X ]1; [Y ]1) = 0
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Causal Discovery and iMIIC
Orientation in iMIIC

”Reliable causal discovery based on mutual information supremum principle for finite datasets”. Cabeli, Li, Ribeiro-Dantas,
Simon and Isambert. WHY21 at NeurIPS 2021.



Causal Discovery and iMIIC
Putative and genuine causal edges, and contextual variables

Contextual variables
”Genuine” vs ”putative” causes
Reliability of orientations

Original MIIC



Causal Discovery and iMIIC
Genuine and putative edges in iMIIC

Endpoint head/tail orientation probabilities X Y (pt = 1− ph)
ptX = 0.5, phY > 0.5
then ▶ putative cause ( ▶ = ▶ or ◀99K▶)
ptX > 0.5, phY > 0.5
then ▶ genuine cause
phX > 0.5, phY > 0.5
then ◀99K▶ latent common cause (◀L99L99K▶)
ptX = 0.5, phY = 0.5
then undetermined or non-causal status

Prior knowledge about probability
Contextual variable: pt = 1.0

Sex
YearOfBirth
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Causal Discovery and iMIIC
Indirect path consistency

Indirect path consistency
Contextual variables

”Genuine” vs ”putative” causes
Reliability of orientations

Original MIIC



Causal Discovery and iMIIC
Consistency in iMIIC

Motivation



Causal Discovery and iMIIC
Consistency in iMIIC

Li et al. Constraint-based Causal Structure Learning with Consistent Separating Set. Advances in Neural Information Processing
Systems (NeurIPS) 32, 14257-14266 (2019).



Causal Discovery and iMIIC
Scalability & Performance

Scalability & Performance
Indirect path consistency
Contextual variables

”Genuine” vs ”putative” causes
Reliability of orientations

Original MIIC



Causal Discovery and iMIIC
Scalability & Performance



MIIC WebServer
Demonstration



SEER network
Full skeleton-consistent network (396,179 samples)

AgeAtDiagnosis

AJCC7thM

AJCC7thN

AJCC7thT

BoneMetastasisAtDiagnosis

BrainMetastasisAtDiagnosis

BreastSubtype

CostLivingIndex

DeathDueToOtherCause

DeathSpecificOfBreastCancer

DelayDiagnosisFirstTreatment

DistantNodeMetastasisAtDiagnosis

ER

Ethnicity

FirstMalignantPrimary

Grade
HER2

Histology

Insurance

Laterality

LiverMetastasisAtDiagnosis

LungMetastasisAtDiagnosis

MaritalStatus

MedianFamIncome

MedianHouseholdIncome

MetastasisAtDiagnosis

Method2EvalRegNode

Method2EvalTumSizeExt

MoreThanOneBCPrimary

NumberOfNodeRemoved
NumberOfPositiveNode

OtherMetastasisAtDiagnosis

OtherSurgery

PR

Quadrant

Radiotherapy
RuralUrban

Sex

InvasiveComponent

Surgery

SurvivalDelayInMonths

TumorSize

TypeSurgeryPrimitiveSite

VitalStatus

YearOfBirth

ChemoTherapy

Contralateral

SynchroBilateral

BreastReconstruction

YearOfDiagnosis

MonthOfDiagnosis

a Full dataset

Personal  County  Primary Tumor  Survival Treatment Staging  Metastasis

90% (resp. 98%) of causal edges are clearly correct (resp. plausible)

Ribeiro-Dantas et al, 2022 (Submitted)



SEER network
Comparison of skeleton-consistent graphs of independent subsets of SEER

Overall robust inference with few differences (as many networks are ’nearly equivalent’ for N <∞)
3 independent 100k subsets (a + b edges in intersections, a ∈ full network, b /∈ full network)

88% of edge orientation probabilities are compatible bwn the three 100k networks
92% of those are also compatible with edge orientation probabilities of full network



SEER network: Analysis of network skeleton
Marital Status as Prognostic Factor
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SEER network: Analysis of network skeleton
Marital Status as Prognostic Factor

Marital status



SEER network: Analysis of network skeleton
Analyzing separating set

Why the edge between MaritalStatus and VitalStatus was removed?



SEER network: Analysis of network skeleton
Analyzing separating set

Why the edge between MaritalStatus and DeathSpecificOfBreastCancer
was removed?



SEER network: Analysis of network skeleton
Analyzing separating set

Insurance subnetwork



SEER network: Analysis of network skeleton
Analyzing separating set

Why the edge between Insurance and DeathSpecificOfBreastCancer was
removed?



SEER network: Analysis of network skeleton
Analyzing separating set

Why the edge between Insurance and SurvivalDelayInMonths was
removed?



SEER network: Analysis of network
Survival subnetwork inferred by iMIIC from SEER breast cancer dataset
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SEER network: Analysis of network
Survival subnetwork inferred by iMIIC from SEER breast cancer dataset

Not Recommended
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Chen et al. Front Onco 2020



SEER network: Analysis of network
Surgery and subsequent treatments subnetwork inferred by iMIIC from SEER breast
cancer dataset
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e

Surgery ▶ Histology
Infiltrating duct mixed with other
types of carcinoma (+77% after surgery),
Infiltrating duct and lobular carcinoma
(+48%), Mucinous adenocarcinoma (+19%),
Infiltrating duct carcinoma, NOS (+ 7.6%),
Lobular carcinoma, NOS (-11%),
Carcinoma, NOS (-91%),
Adenocarcinoma, NOS (-95%)



SEER network: Analysis of network
Surgery and subsequent treatments subnetwork inferred by iMIIC from SEER breast
cancer dataset
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SEER network: Analysis of network edge orientations
Analyzing genuine causal effects from CostOfLiving

The bigger picture



SEER network: Analysis of network
Socio-economic subnetwork inferred by iMIIC from SEER breast cancer dataset
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∗L.A. county (10% of dataset): 30% Radiotherapy in L.A. vs 52% rest of US; 7% of L.A. patients drop out vs 1.5% rest of US



SEER network: Analysis of network
Socio-economic subnetwork inferred by iMIIC from SEER breast cancer dataset
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Key takeaways
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Causal Discovery and iMIIC
Consistency in iMIIC with consensus graph
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