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Multi-state models and their applications in medical research
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School of Medicine, Shanghai 200025, China)

[ Abstract] Multi-state models represent a critical methodological framework for analyzing longitudinal
medical data, enabling precise characterization of dynamic disease progression across discrete health states.
This article provides a concise introduction to the theoretical foundations of multi-state models,
encompassing: (1) principles for defining the state space; (2) methods for quantifying transition intensities
and transition probabilities; and (3) key modeling assumptions such as Markov property and time
homogeneity. Through a case study on cardiac allograft vasculopathy (CAV) progression after heart

transplantation, we illustrate the essential steps in constructing a multi-state model: translating clinical
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questions into state structures (e.g., CAV severity grades) , statistical approaches for handling irregular
follow-up intervals, and multivariable analysis of covariate effects. The case study demonstrates that multi-
state models can precisely quantify transition patterns across multiple disease stages, offering robust
methodological support for dynamic risk assessment and personalized interventions. Given their clinical

relevance and analytical flexibility, multi-state models hold significant potential for broader application in

medical research.
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CAV: Cardiac allograft vasculopathy.
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Fig 1 State transition diagram with transition frequencies
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Tab 1 Clinical status at follow-up endpoint in the CAV patients

[n(%) orzT+5]

Cases 270 (44.0)
Age (y) 52.74 +10.54
Sex
Female 216 (80.0)
Male 54 (20.0)

Primary diagnosis (reason for transplant)

CVCM 9(3.3)
Hyper 2(0.7)
IDC 142 (52.6)
IHD 113 (41.9)
Restr 3(1.1)
Other 1(0.4)
Age of heart donor (y) 29.96 + 12.49

69 (11.2) 26 (4.2) 249 (40.6)
54.39 + 8.65 52.83+10.35 52.96 + 10.47 0.699
0.001

64 (92.8) 26 (100.0) 221 (88.8)

5(7.2) 0(0) 28 (11.2)
0.118

2(2.9) 1(3.8) 7(2.8)

0(0) 0(0) 1(0.4)

23 (33.3) 7(26.9) 98 (39.4)

43 (62.3) 18 (69.2) 139 (55.8)

0 (0) 0(0) 2(0.8)

1(1.4) 0(0) 2(0.8)
34.25+13.20 32.23+12.12 29.96 + 11.34 0.044

CAV: Cardiac allograft vasculopathy; CVCM: Chronic viral cardiomyopathy; Hyper: Hypertension; IDC: Idiopathic dilated cardiomyopathy ;

THD: Ischaemic heart disease; Restr: Restrictive cardiomyopathy.
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Tab 2 Transition intensities and hazard ratios across different CAV states

No CAV—>mild/moderate CAV 0.143 (0.123-0.165)
No CAV—>death 0.034 (0.023-0.049)
Mild/moderate CAV—>no CAV 0.250 (0.176-0.355)
Mild/moderate CAV—>severe CAV 0.321 (0.254-0.405)
Mild/moderate CAV—>death 0.045 (0.013-0.163)
Severe CAV—>mild/moderate CAV 0.130 (0.068-0.250)
Severe CAV—>death 0.198 (0.130—0.301)

1.116 (0.917—1.357) 2.076* (1.524—2.828)
0.701%* (0.524—0.937) 0.894 (0.334-2.392)
0.935 (0.561-1.558) 0.679 (0.358—1.288)
0.844 (0.563—1.264) 1.017 (0.611-1.691)
1.309 (0.623-2.751) 4.624 (0.377-56.685)
1.144 (0.180-7.259) 1.490 (0.357-6.214)
1.649%* (1.066—2.549) 2.011 (0.961-4.208)

Baseline intensities are expressed as transitions per person-year with covariates set to their means. *Boldfaced data indicate statistical significance

(P<20.05).The model adjusts for sojourn time and time period effects (=5 years post-transplant).
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Fig 2 Transition probabilities diagrams of CAYV states across different observation intervals
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Tab 3 Multivariate multi-state model of CAV state transitions

4 38 hniin TR s /b EE CAV S H F O B CAV
g SE TR XUBS: B 5 AF i 59 580 T O e s e Ak A
HECAV BE R, IR A WG B F & T
T .

1.000 2 1.041 0% 1.020 6
Age
(0.9852-1.0155)  (1.007 9-1.0752) (0.989 1-1.0530)  (0.951 8-0.998 7)
0.658 1 1.532 8 1.069 7
Sex

(0.391 9-1.105 3)

Age of heart 1.024 4%
donor (1.0103-1.038 7)

1.034 8% 0.993 2

1.517 1* 12255 0.919 3

IHD
(1.106 3-2.080 5)

0.975 0*

1.168 9 0.525 1 0.9329
(0.790 6-2.9718) (0.388 8-2.943 1)  (0.516 5-2.645 3)

1.088 4% 0.948 5 0.986 9
(1.006 3-1.177 2) (0.899 0-1.0009)  (0.959 9-1.014 7)

2.824 0%

(0.043 4-6.350 6) (0.110 4-7.8803) (1.1828-6.7428)

0.993 0 0.918 3 1.001 0 0.999 9
(1.013 7-1.056 4)  (0.965 0-1.022 1)  (0.9733-1.013 0)

(0.843 0—-1.000 4) (0.9515-1.0530)  (0.974 1-1.026 5)

1.084 3 0.704 1 0.851 4 0.936 2
(0.746 7-2.009 9)  (0.500 8—1.687 6)  (0.6733-1.746 1)

(0.244 5-2.027 3) (0.2759-2.6272)  (0.528 8-1.657 4)

*Boldfaced data indicate statistical significance (P<C0.05). CAV : Cardiac Allograft Vasculopathy; IHD: Ischaemic Heart Disease.
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