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Outline

Discrete-time multistate regression models in Stata

• Multistate methodology

• The dtms package

• Example

• Package highlights / contributions

• Results organization and storage: Tree management

• Analytical contributions

• Computational aspects

• Package shortcomings / To be implemented
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Discrete-Time Multistate Estimation

• Discrete set of states, e.g., employment status, health status

• Discrete-time

• Evenly spaced (intermittently observed) data

• Under Markov assumption, use

• (1) regression models to

• (2) predict transition probabilities, then

• (3) apply matrix formulas to get stats like:

• state and life expectancies (LEXP)

• lifetime risk (LRSK), mean age at first entry (MAFN)

• other newly introduced stats, like state at absorption (STAB) and mean duration of episodes (MDUR)
Discrete-time multistate regression models in Stata
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Continuous v. Discrete

Discrete-time multistate regression models in Stata

• Data dependent choice

• Choice also depends on research question

• Computational advantage depends on application

• Ease of application

• Software exists mostly for continuous time
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Package Installation

Discrete-time multistate regression models in Stata

. net install dtms, from(https://user.demogr.mpg.de/schneider/stata)

• At some point, installation will  be via SSC.

• Requires Stata version 16.1 or higher.

• Announcement / thread on Stata Forum:
https://www.statalist.org/forums/forum/general-stata-discussion/general/1690703-dtms-new-stata-

command-for-discrete-time-multistate-model-estimation

https://www.statalist.org/forums/forum/general-stata-discussion/general/1690703-dtms-new-stata-command-for-discrete-time-multistate-model-estimation
https://www.statalist.org/forums/forum/general-stata-discussion/general/1690703-dtms-new-stata-command-for-discrete-time-multistate-model-estimation
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Example

Discrete-time multistate regression models in Stata

• All example statements to follow are listed in the addendum slides.

• dtms estimation proceeds in sequential steps:

(2) regression (mlogit)

(3) predict transition probabilities

(4) calculate various results from them

Very first step: (1) Model setup, so there are a total of four steps
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Example

Discrete-time multistate regression models in Stata
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Example

Discrete-time multistate regression models in Stata
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Example

Discrete-time multistate regression models in Stata

(output omitted)
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Example

Discrete-time multistate regression models in Stata

Simplification: a single fixed

initial proportion is assumed

for all groups in the example
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Example

Discrete-time multistate regression models in Stata

. dtms transprob atmeans (impex mlog edlow)  , at(educ=1)

. dtms transprob atmeans (impex mlog edhigh) , at(educ=3)

. dtms result lexp (impex mlog edlow  lexp) , initprop(pfixed) format(%7.1f)

. dtms result lexp (impex mlog edhigh lexp) , initprop(pfixed) format(%7.1f)
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Example
. dtms result stab (impex mlog edlow  stab) , initpr(pfixed) form(%7.2f)
. dtms result stab (impex mlog edhigh stab) , initpr(pfixed) form(%7.2f) post nopv
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Example

Discrete-time multistate regression models in Stata

. dtms file save using temptree.dtms , replace
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Example

Discrete-time multistate regression models in Stata
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Example

Discrete-time multistate regression models in Stata
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Package Highlights / Contributions

Discrete-time multistate regression models in Stata

• A framework for organizing and 

saving results

• Up to 9 states

• Automated estimation of transition 

probabilities

• 14+ different outcome statistics

• Asymptotic covariance matrices

• Partial age ranges

• Group comparisons

linear and nonlinear hypothesis testing 

on any number of and on any type of 

results

• Speed (interactive time range)

• Markov chains with rewards 

general implementation; includes the 

possibility of user-defined rewards

• Works with svy estimation

• Generation of data sets with simulated 

trajectories

• Simulation-based results as alternative to 

analytical ones
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Package Highlights / Contributions

Discrete-time multistate regression models in Stata
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Tree Management

Discrete-time multistate regression models in Stata
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Tree Management

Discrete-time multistate regression models in Stata
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Analytical Contributions

Discrete-time multistate regression models in Stata

• The material that follows will soon be available in two working

papers: Schneider (2023) and Schneider and Myrskylä (2023).

• Large sections of the mathematical derivations are already in the 
methods doc included in the dtms package.
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Analytical Contributions: Preliminaries

Discrete-time multistate regression models in Stata

Markov transition matrix: 𝑷 =

𝟎 𝟎 ⋯ 𝟎 𝟎 𝟎
𝑼2 𝟎 𝟎 𝟎 𝟎
𝟎 𝑼3 𝟎 𝟎 𝟎
⋮ ⋱ ⋮
𝟎 𝟎 ⋯ 𝑼 ത𝑎−1 𝟎 𝟎

𝒅2 𝒅3 ⋯ 𝒅 ത𝑎−1 𝒅 ത𝑎 1

𝑈𝑎 =

𝑢11 𝑢12 ⋯ 𝑢1 ҧ𝑠

𝑢21 𝑢22 𝑢2 ҧ𝑠

⋮ ⋱ ⋮
𝑢 ҧ𝑠1 𝑢 ҧ𝑠2 ⋯ 𝑢 ҧ𝑠 ҧ𝑠

Submatrices have trans. prob. at age a:

𝑼 =

𝟎 𝟎 ⋯ 𝟎 𝟎
𝑼2 𝟎 𝟎 𝟎
𝟎 𝑼3 𝟎 𝟎
⋮ ⋱ ⋮
𝟎 𝟎 ⋯ 𝑼 ത𝑎−1 𝟎

𝑭 = 𝑰 − 𝑼 −1The fundamental matrix has elements for LEXP:

Sometimes only the transient states are needed:
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Analytical Contributions: Asymptotics, LEXP

The first column of the fundamental matrix contains all the elements of state expectancies:

𝑭 = 𝑰 − 𝑼 −1 = 

𝑎=0

ത𝑎−2

𝑼𝑎 =

𝑰 | 𝟎 ⋯ 𝟎 𝟎

𝑼2 | 𝑰 𝟎 𝟎

𝑼3 ⋅ 𝑼2 | 𝑼3 𝟎 𝟎

⋮ | ⋱ ⋮
𝑼 ത𝑎−1 ⋅ … ⋅ 𝑼2 | 𝑼 ത𝑎−1 ⋅ … ⋅ 𝑼3 ⋯ 𝑼 ത𝑎−1 𝑰

𝑭1 = 𝑼2 𝑼3𝑼2 ⋯ ෑ

𝑎=ഥ𝑎−1

2
𝑼𝑎 = 𝒇2 𝒇3 ⋯ 𝒇ഥ𝑎−1

Let ෩𝑼 = 𝑼𝟐 … 𝑼 ത𝑎−1 , then 𝑽𝑡𝑟 = cov[vec[෩𝑼]].

Use the delta method to compute the covariance matrix:

𝑽𝐹1 = 𝑮𝐹1𝑽𝑡𝑟𝑮𝐹1
′

𝑮𝑭1 = 𝜕 vec 𝑽𝑭1

𝜕vec෪𝑼′

Discrete-time multistate regression models in Stata
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Analytical Contributions: Asymptotics, LEXP

Discrete-time multistate regression models in Stata

Calculations repeatedly use the delta method.

𝑽𝑡𝑟 = 𝑮𝑡𝑟𝑽𝑚𝑙𝑮𝑡𝑟′

𝑽𝐹1 = 𝑮𝐹1𝑽𝑡𝑟𝑮𝐹1
′

𝑽𝐸 = 𝑰 ҧ𝑠2 ⊗ 𝒓+1 𝑽𝐹1 𝑰 ҧ𝑠2 ⊗ 𝒓+1
′

To summarize: Life expectancy covariance matrix:
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Analytical Contributions: Asymptotics, LEXP

𝑽𝐹1 = 𝑮𝐹1𝑽𝑡𝑟𝑮𝐹1
′

𝜕 vec 𝒇𝑖

𝜕 vec 𝑼𝑗
′ =

𝜕 vec ς𝑎=𝑖
𝑗+1

𝑼𝑎 × 𝑼𝑗 × ς𝑎=𝑗−1
2 𝑼𝑎

𝜕 vec 𝑼𝑗
′  

𝑮𝐹1 =

| 𝑼2 𝑼3 𝑼4 … 𝑼ഥ𝑎−1

−−−− − + −−−−− − −−−−−− − −−−−−−−−− − − − −−−−−−− −
𝑼2 | 𝑰 ⊗ 𝑰 𝟎 𝟎 ⋯ 𝟎

𝑼3𝑼2 | 𝑰 ⊗ 𝑼3 𝑼2′ ⊗ 𝑰 𝟎 𝟎

𝑼4𝑼3𝑼2 | 𝑰 ⊗ 𝑼4𝑼3 𝑼2′ ⊗ 𝑼4 𝑼3𝑼2
′
⊗ 𝑰 𝟎

⋮ | ⋮ ⋮ ⋮ ⋱ ⋮

𝑼ഥ𝑎−1
… 𝑼2 | 𝑰 ⊗ 𝑼ഥ𝑎−1

… 𝑼3 𝑼2′ ⊗ 𝑼ഥ𝑎−1
… 𝑼4 𝑼3𝑼2

′
⊗ 𝑼ഥ𝑎−1

… 𝑼5 ⋯ 𝑼ഥ𝑎−2
… 𝑼2 ⊗ 𝑰

𝑽𝐸 = 𝑰ഥ𝑠2
⊗ 𝒓+1 𝑽𝐹1 𝑰ഥ𝑠2

⊗ 𝒓+1

′

Discrete-time multistate regression models in Stata
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LEXP: Comparison Analytic v. Bootstrap CIs

New Tools  for Discrete-Time Multistate Modelling

. dtms erestore (impex mlog allmeans lexp) , replay
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Analytical Contributions: Asymptotics, LRSK/MAFN

Discrete-time multistate regression models in Stata

Output for lifetime risk / mean age at first entry:

. dtms result mafn (impex mlog allmeans mafn) , initst(1) intermed(2) target(3) post(lrsk mafn)
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Analytical Contributions: Asymptotics, LRSK/MAFN

Discrete-time multistate regression models in Stata

| 𝑨2 𝑨3 𝑨4 ⋯ 𝑨 ത𝑎−2
𝑨 ത𝑎−1

−−−−− − + −−−−−−− − −−−−−−−− − −−−−−−−−−− − − − −−−−−−−−− − −−−−−−− −
ഥ𝑩2 | 𝟎 𝟎 𝟎 ⋯ 𝟎 𝟎

ഥ𝑩3𝑨2 | 𝑰 ⊗ ഥ𝑩3 𝟎 𝟎 𝟎 𝟎
ഥ𝑩4𝑨3𝑨2 | 𝑰 ⊗ ഥ𝑩4𝑨3 𝑨2′ ⊗ ഥ𝑩4 𝟎 𝟎 𝟎

ഥ𝑩4𝑨4𝑨3𝑨2 | 𝑰 ⊗ ഥ𝑩5𝑨4𝑨3 𝑨2′ ⊗ ഥ𝑩5𝑨4 𝑨3𝑨2
′ ⊗ ഥ𝑩5 𝟎 𝟎

⋮ | ⋮ ⋮ ⋮ ⋱ ⋮

ഥ𝑩 ത𝑎−1
𝑨 ത𝑎−2 … 𝑨2 | 𝑰 ⊗ ഥ𝑩 ത𝑎−1

𝑨 ത𝑎−2
… 𝑨3 𝑨2′ ⊗ ഥ𝑩 ത𝑎−1

𝑨 ത𝑎−2
… 𝑨4 𝑨3𝑨2

′ ⊗ ഥ𝑩 ത𝑎−1
𝑨 ത𝑎−2

… 𝑨5 ⋯ 𝑨 ത𝑎−3
… 𝑨2

′
⊗ ഥ𝑩 ത𝑎−1

𝟎

ഥ𝑩 ത𝑎𝑨 ത𝑎−1
… 𝑨2 | 𝑰 ⊗ ഥ𝑩 ത𝑎𝑨 ത𝑎−1

… 𝑨3 𝑨2′ ⊗ ഥ𝑩 ത𝑎𝑨 ത𝑎−1
… 𝑨4 𝑨3𝑨2

′ ⊗ ഥ𝑩 ത𝑎𝑨 ത𝑎−1
… 𝑨5 𝑨 ത𝑎−3

… 𝑨2
′

⊗ ഥ𝑩 ത𝑎𝑨 ത𝑎−1
𝑨 ത𝑎−2

… 𝑨2
′

⊗ ഥ𝑩 ത𝑎

𝑮𝐴
𝐹𝐵𝐴 =

𝑮𝐵
𝐹𝐵𝐴 =

| ഥ𝑩2
ഥ𝑩3

ഥ𝑩4 … ഥ𝑩 ത𝑎−1
ഥ𝑩 ത𝑎

−−−− − + −−−−− − −−−−−− − −−−−−−−−− − − − −−−− − −−−−−−− −
ഥ𝑩2 | 𝑰 ҧ𝑠𝐴

𝟎 𝟎 𝟎 𝟎

ഥ𝑩3𝑨2 | 𝟎 𝑨2′ 𝟎 𝟎 𝟎
ഥ𝑩4𝑨3𝑨2 | 𝟎 𝟎 𝑨3𝑨2

′ 𝟎 𝟎

⋮ | ⋮ ⋮ ⋮ ⋱ ⋮

ഥ𝑩 ത𝑎−1
𝑨 ത𝑎−2 … 𝑨2 | 𝟎 𝟎 𝟎 ⋯ 𝑨 ത𝑎−2

… 𝑨2
′

𝟎

ഥ𝑩 ത𝑎𝑨 ത𝑎−1
… 𝑨2 | 𝟎 𝟎 𝟎 𝟎 𝑨 ത𝑎−1

… 𝑨2
′

Derivations similar to LEXP, but more complicated.
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MAFN: Comparison Analytic v. Bootstrap CIs

Discrete-time multistate regression models in Stata

. dtms trans atmeans (impex mlog men) , at(sex=1)

. dtms trans atmeans (impex mlog wmn) , at(sex=2)

. qui dtms result mafn (impex mlog men mafn) , initst(1) intermed(2) target(3)

. qui dtms result mafn (impex mlog wmn mafn) , initst(1) intermed(2) target(3)

. qui dtms combine (impex mlog allmeans mafn) , with(men mafn) post(lrsk mafn)

. dtms combine e() , with(wmn mafn)
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Analytical Contributions: Rewards

Discrete-time multistate regression models in Stata

• The behind Markov chains with 

rewards: link probabilities of 

reaching certain states with transition 

probabilities out of that state, where 

each of these out-transitions is 

assigned a reward.

• LEXP is a special case.

• 12+ results in the package are based 

on the rewards method.

• Explaining rewards in more detail 

would need its own presentation.
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Analytical Contributions: Asymptotics, Rewards

Discrete-time multistate regression models in Stata

Derivations similar to LEXP, but more complicated.

| 𝑼2 𝑼3 𝑼4 … 𝑼 ത𝑎−1

−−−− − + −−−−− − −−−−−− − −−−−−−−−− − − − −−−−−−− −

𝑷𝑹2
𝑠 | 𝑰 ⊗ 1

𝜕 vec 𝑷𝑹2
𝑠

𝜕 vec 𝑼2
′

𝟎 𝟎 ⋯ 𝟎

𝑷𝑹3
𝑠𝑼2 | 𝑰 ⊗ 𝑷𝑹3 𝑼2′ ⊗ 1

𝜕 vec 𝑷𝑹3
𝑠

𝜕 vec 𝑼3
′

𝟎 𝟎

𝑷𝑹4
𝑠𝑼3𝑼2 | 𝑰 ⊗ 𝑷𝑹4𝑼3 𝑼2′ ⊗ 𝑷𝑹4 𝑼3𝑼2

′ ⊗ 1
𝜕 vec 𝑷𝑹4

𝑠

𝜕 vec 𝑼4
′

𝟎

⋮ | ⋮ ⋮ ⋮ ⋱ ⋮

𝑷𝑹 ത𝑎−1

𝑠 𝑼 ത𝑎−2
… 𝑼2 | 𝑰 ⊗ 𝑷𝑹 ത𝑎−1

… 𝑼3 𝑼2′ ⊗ 𝑷𝑹 ത𝑎−1
… 𝑼4 𝑼3𝑼2

′ ⊗ 𝑷𝑹 ത𝑎−1
… 𝑼5 𝑼 ത𝑎−2

… 𝑼2
′

⊗ 1
𝜕 vec 𝑷𝑹 ത𝑎−1

𝑠

𝜕 vec 𝑼 ത𝑎−1

′

𝑷𝑹 ത𝑎
𝑠 𝑼 ത𝑎−1

… 𝑼2 | 𝑰 ⊗ 𝑷𝑹 ത𝑎 … 𝑼3 𝑼2′ ⊗ 𝑷𝑹 ത𝑎 … 𝑼4 𝑼3𝑼2
′ ⊗ 𝑷𝑹 ത𝑎 … 𝑼5 ⋯ 𝑼 ത𝑎−2

… 𝑼2
′

⊗ 𝑷𝑹 ത𝑎

𝑮𝐹𝑅
𝑠

=

𝜕 vec 𝑷𝑹𝑎
𝑠

𝜕 vec 𝑼𝑎
′ =

𝜕 vec 𝟏 ҧ𝑠 ⋅ 𝑷𝑎⨀𝑹𝑎
𝑠

𝜕 vec 𝑼𝑎
′ = 𝑰 ҧ𝑠 ⊗ 𝟏 ҧ𝑠+1

⋅ 𝑲 ҧ𝑠 ҧ𝑠+1
⋅

diag vec ෩𝑹𝑎
𝑠′

− 𝟏 ҧ𝑠 ⊗ diag 𝒓𝑎
𝑠

⋅ 𝑲 ҧ𝑠 ҧ𝑠

with
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Rewards (EPIS): Comparison Analytic v. Bootstrap CIs

Discrete-time multistate regression models in Stata

. dtms result epis (impex mlog allmeans epis) , initpr(pfixed) post
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Rewards (MAIS): Comparison Analytic v. Bootstrap CIs

Discrete-time multistate regression models in Stata

. dtms result mais (impex mlog allmeans mais) , initpr(pfixed) post
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Analytical Contributions: Group Comparisons

Discrete-time multistate regression models in Stata

Life expectancy covariance matrix, single group

𝑽𝑡𝑟 = 𝑮𝑡𝑟𝑽𝑚𝑙𝑮𝑡𝑟′

𝑽𝐹1 = 𝑮𝐹1𝑽𝑡𝑟𝑮𝐹1
′

𝑽𝐸 = 𝑰 ҧ𝑠2 ⊗ 𝒓+1 𝑽𝐹1 𝑰 ҧ𝑠2 ⊗ 𝒓+1
′

Life expectancy covariance matrix, two groups

𝑮𝑡𝑟 =
𝑮1

𝑡𝑟

𝑮2
𝑡𝑟

𝑮𝐹1 =
𝑮1

𝐹1 𝟎

𝟎 𝑮2
𝐹1

𝑽𝐸 =
𝑰 ҧ𝑠2 ⊗ 𝒓+1,1 𝟎

𝟎 𝑰 ҧ𝑠2 ⊗ 𝒓+1,2
𝑽𝐹1

𝑰 ҧ𝑠2 ⊗ 𝒓+1,1 𝟎

𝟎 𝑰 ҧ𝑠2 ⊗ 𝒓+1,2

′

The above generalizes to N groups in the obvious way.

The methods doc extends this to any type of result, and any mixture of results.
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Analytical Contributions: Group Comparisons

Discrete-time multistate regression models in Stata

. dtms result lexp (impex mlog wmn lexp) , initpr(pfixed)

. dtms result lexp (impex mlog men lexp) , initpr(pfixed)

. dtms combine (impex mlog wmn lexp) , with(men lexp) difference
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Analytical Contributions: Partial Age Ranges

Discrete-time multistate regression models in Stata

Illustrative example: Fraction of lifetime lived in severe impairment, by decade
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Analytical Contributions: Partial Age Ranges

Discrete-time multistate regression models in Stata

Fraction of lifetime lived in severe impairment, by decade

SE-based asymptotic v. SE-based bootstrap v. percentile bootstrap
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Computational Aspects

Discrete-time multistate regression models in Stata

• Computational speed is one of the key contributions

• What once took a day on 30 cores, now takes 5 minutes on a single core

• Replacement of bootstrap by asymptotics

• Calculation of covariance matrix of transition probabilities:

code tailored to the purpose much faster than margins

• Mata object hierarchy underneath the dtms tree

• Self-threading code (Gould 2018)

• Memory consumption

• Constant concern: Blows up with number of states and age classes

• Intermediate results are not stored when a dtms tree is saved
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Remaining Shortcomings / Future Improvements

• Asymptotic standard errors ignore the stochasticity of initial proportions

• Saved dtms trees incompatible across command versions

• Restrictions on state transitions not yet possible

• disease progression models without recovery

• relaxation of Markov assumption

• Functional form of age relatively restricted

• Import and processing of externally calculated covariance matrices for 

externally supplied transition probabilities not yet implemented

• Transition probabilities only calculated as conditional margins (this will not 

change)

Discrete-time multistate regression models in Stata
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Thank you

schneider@demogr.mpg.de

Discrete-time multistate regression models in Stata
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Code from Slides

Discrete-time multistate regression models in Stata

// introductory example
. dtms exampledata 12
. describe
. table cog3
. xttrans cog3

. dtms clear

. dtms setup (impex) , states(1 none 2 mild 3 sevr 4 dead) abs(1) ages(50/110)

. dtms dir

. mlogit cog3 iL.cog3 c.age c.age#c.age sex##educ c.numdrinks , cluster(id) rrr

. dtms estimate frome (impex mlog) , agevar(age, center(50)) orgnvar(L.cog3)

. dtms dir

. dtms transprob atmeans (impex mlog allmeans)

. dtms dir

. dtms proportion fixed (impex pfixed) , values(0.88 0.10 0.02)

. dtms result lexp (impex mlog allmeans lexp) , initprop(pfixed) format(%7.1f)

. dtms dir
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Code from Slides
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// introductory example (continued)
. dtms transprob atmeans (impex mlog edlow)  , at(educ=1)
. dtms transprob atmeans (impex mlog edhigh) , at(educ=3)
. dtms result lexp (impex mlog edlow  lexp) , initprop(pfixed) format(%7.1f)
. dtms result lexp (impex mlog edhigh lexp) , initprop(pfixed) format(%7.1f)

. dtms result stab (impex mlog edlow  stab) , initprop(pfixed) format(%7.2f)

. dtms result stab (impex mlog edhigh stab) , initprop(pfixed) format(%7.2f) post nopvalues

. dtms dir

* dtms file save using temptree.dtms , replace

. dtms combine (impex mlog edhigh lexp) , with(edlow lexp) post(state total)

. dtms combine (impex mlog edhigh lexp) , with(edlow lexp) post(state total) diff
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// Comparison Analytic v. Bootstrap CIs (boostrap code not included)
//      LEXP (life expectancy)
. dtms erestore (impex mlog allmeans lexp) , replay

//      MAFN (mean age at first entry)
. dtms result mafn (impex mlog allmeans mafn) , initst(1) intermed(2) target(3) post(lrsk mafn)

. dtms trans atmeans (impex mlog men) , at(sex=1)

. dtms trans atmeans (impex mlog wmn) , at(sex=2)

. qui dtms result mafn (impex mlog men mafn) , initst(1) intermed(2) target(3)

. qui dtms result mafn (impex mlog wmn mafn) , initst(1) intermed(2) target(3)

. qui dtms combine (impex mlog allmeans mafn) , with(men mafn) post(lrsk mafn)

. dtms combine e() , with(wmn mafn)
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// Comparison Analytic v. Bootstrap CIs (continued)
//      Rewards: EPIS (# of episodes)
. dtms result epis (impex mlog allmeans epis) , initpr(pfixed) post

//      Rewards: MAIS (mean age in state)
. dtms result mais (impex mlog allmeans mais) , initpr(pfixed) post

// Group Comparisons
dtms result lexp (impex mlog wmn lexp) , initpr(pfixed)
dtms result lexp (impex mlog men lexp) , initpr(pfixed)
dtms combine (impex mlog wmn lexp) , with(men lexp) difference

// Partial Age Ranges [code not shown]
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