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Motivation
• Scleroderma is a chronic rare disease

• Clinicians hope to 

• discover systematic heterogeneous patterns in patients’ 
multivariate biomarker trajectories due to unobserved factors 

• have real-time updated information on which pattern a new 
patient may belong to

• account for patient heterogeneity 



Solution

• Latent mixture variable model

• Bayesian approach using a Kalman Filter way to recursively update 
BLUP for real-time clustering of trajectories

• Random effects to account for patient heterogeneity



𝑙𝑜𝑔𝑖𝑡 𝑃 𝑐𝑙𝑢𝑠𝑡𝑒𝑟 1 = 𝛼! + 𝛼"𝑀𝑎𝑙𝑒 + 𝛼#𝐸𝑡ℎ𝑛𝑖𝑐𝑖𝑡𝑦 + 𝛼$𝐷𝑖𝑓𝑓𝑢𝑠𝑒 + 𝛼%𝐿𝑎𝑡𝑒_𝑜𝑛𝑠𝑒𝑡

𝑌(𝑡) = 𝛽!
(ℓ) + 𝑏)!

(ℓ) + 𝑠 𝑡 𝛽#
(ℓ) + 𝑋𝛽" + 𝑋𝑠 𝑡 𝛽$ + 𝜖

ℓ = 1,2, 𝑋 = (𝑀𝑎𝑙𝑒, 𝐸𝑡ℎ𝑛𝑖𝑐𝑖𝑡𝑦, 𝐷𝑖𝑓𝑓𝑢𝑠𝑒, 𝐿𝑎𝑡𝑒_𝑜𝑛𝑠𝑒𝑡)

Question being addressed: any unobserved factors are influencing 𝑌 over time besides 𝑋? 

Model Specification



𝑔)* 𝛼, 𝛽, 𝐺, 𝑅 = 𝑃 𝑐𝑙𝑢𝑠𝑡𝑒𝑟 1 𝑌),!:*; 𝛽, 𝐺, 𝑅

=
𝑃 𝑌),!:* 𝑐𝑙𝑢𝑠𝑡𝑒𝑟 1; 𝛽, 𝐺, 𝑅 ×𝑃 𝑐𝑙𝑢𝑠𝑡𝑒𝑟 1; 𝛼

∑-∈{",#}𝑃 𝑌),!:* 𝑐𝑙𝑢𝑠𝑡𝑒𝑟 𝑐; 𝛽, 𝐺, 𝑅 ×𝑃 𝑐𝑙𝑢𝑠𝑡𝑒𝑟 𝑐; 𝛼

𝑃 𝑌),!:* 𝑐𝑙𝑢𝑠𝑡𝑒𝑟 ℓ; 𝛽, 𝐺, 𝑅

= I
1∈":*

∫ 𝑓 𝑌)* 𝛽!
ℓ + 𝑏)!

ℓ + 𝑠 𝑡 𝛽#
ℓ + 𝑋𝛽" + 𝑋𝑠 𝑡 𝛽$, 𝑅 𝑓 𝑏)!

ℓ |0, 𝐺, 𝑌),!:* 𝑑𝑏)!
ℓ

Both f’s are gaussian distributed

Real-time Update: BLUP in a Bayesian Paradigm



Model Estimation – Shared Effects



Model Estimation – Cluster Specific Effects



Model Estimation – Heterogeneity and Stochasticity



Cluster Patterns by Subgroup













Time-Varying Prediction of Cluster Membership





BIC: smaller the better
L: number of clusters

L=1 L=2 L=3
4478.411 4124.750 4136.595

Model Choice



𝑃 𝑌!:# 𝑋, 𝑠𝑝𝑙𝑖𝑛𝑒𝑠 = ∫ 𝑃 𝑌!:# 𝑋, 𝑠𝑝𝑙𝑖𝑛𝑒𝑠, 𝑏$ 𝑃 𝑏$ 𝑋, 𝑠𝑝𝑙𝑖𝑛𝑒𝑠 𝑑𝑏$
= ∫ 𝑃 𝑌!:# 𝑋, 𝑠𝑝𝑙𝑖𝑛𝑒𝑠, 𝑏$ 𝑃 𝑏$ 𝑑𝑏$

= ∫ 𝑃(𝑌!|𝑋, 𝑠𝑝𝑙𝑖𝑛𝑒𝑠) 2
%∈ ',…,#

𝑃 𝑌% 3𝑌%*', 𝑋, 𝑠𝑝𝑙𝑖𝑛𝑒𝑠, 𝑏$ 𝑃 𝑏$ 𝑑𝑏$

𝑃 𝑌!:# 𝑋, 𝑠𝑝𝑙𝑖𝑛𝑒𝑠 = 𝑃(𝑌!|𝑋, 𝑠𝑝𝑙𝑖𝑛𝑒𝑠) 2
%∈ ',…,#

𝑃 𝑌% 3𝑌%*', 𝑋, 𝑠𝑝𝑙𝑖𝑛𝑒𝑠

= 2
%∈ !,…,#

∫ 𝑃 𝑌% 3𝑌%*', 𝑋, 𝑠𝑝𝑙𝑖𝑛𝑒𝑠, 𝑏$ 𝑃 𝑏$ 3𝑌%*', 𝑋, 𝑠𝑝𝑙𝑖𝑛𝑒𝑠 𝑑𝑏$

= 2
%∈ !,…,#

∫ 𝑃 𝑌% 3𝑌%*', 𝑋, 𝑠𝑝𝑙𝑖𝑛𝑒𝑠, 𝑏$ 𝑃 𝑏$ 3𝑌%*' 𝑑𝑏$

By model assumption, 𝑃 𝑏$|𝑋, 𝑠𝑝𝑙𝑖𝑛𝑒𝑠 = 𝑃(𝑏$) = 𝑁(0, 𝐺),
While 𝑃 𝑏$ 3𝑌%*', 𝑋, 𝑠𝑝𝑙𝑖𝑛𝑒𝑠 = 𝑃 𝑏$ 3𝑌%*', 𝑋, 𝑠𝑝𝑙𝑖𝑛𝑒𝑠 ≠ 𝑁(0, 𝐺)

Other Ways of Updating Trajectory Prediction



𝑌 = 𝛽!ℓ + 𝑋𝛽#ℓ + 𝑋𝑠 𝑡 𝛽$ℓ + 𝑠 𝑡 𝛽%ℓ + 𝑏&!ℓ + 𝜖
ℓ = 1,2

𝑌(𝑡) = 𝛽!
(ℓ) + 𝑏&!

(ℓ) + 𝑠 𝑡 𝛽$
(ℓ) + 𝑋𝛽# + 𝑋𝑠 𝑡 𝛽% + 𝜖

ℓ = 1,2

Question being addressed: any unobserved factors influencing the effect of 𝑋 on 𝑌
over time? AND any unobserved factors STILL influencing the progression of 𝑌 after 
accounting for all of those effects?

Question being addressed: any unobserved factors are influencing 𝑌 over time besides 𝑋? 

Different Specifications of a Clustering Model



𝑌 = 𝛽!ℓ + 𝜙) ∗ 𝑋 𝛽#ℓ + 𝑠 𝑡 𝛽$ℓ + 𝑠 𝑡 𝛽%ℓ + 𝑏&!ℓ + 𝜖
ℓ = 1,2

𝜙) = 1{𝑖𝑠 𝑋 𝑐𝑙𝑢𝑠𝑡𝑒𝑟 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐}
𝜙) ∼ 𝑏𝑖𝑛𝑎𝑟𝑦

Spike and slab prior on 𝛽($) in sets (main effects and spline 
interactions)

Future extension



Label Switching



FVC betas



DLCO betas



Alphas of Intercept male AArace diffuse late_ageonset


