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1. Introduction

Disability  profoundly  affects  people’s  lives  well  beyond  health.  It  is  associated  with  social 
exclusion and elevated mortality (Officer & Posarac, 2011; Kuper et al., 2024; Smythe & Kuper, 2024).  
For ageing societies, accurately quantifying and projecting the disability burden is central to planning  
and equity.  Policymakers need interpretable and operational indicators,  together with projections 
that  anticipate care needs and guide resource allocation.  This  challenge is  acute in  Italy,  one of  
Europe’s fastest-ageing countries (EUROSTAT, 2020), where estimates of the numbers of people with 
limitations are critical to health and social-care planning. Relying on prevalence can be misleading 
because prevalence conflates disability incidence, recovery and mortality. To inform policy, we must 
explicitly model these flows.
The Global Activity Limitation Indicator (GALI) provides a pragmatic and widely adopted measure of 
disability (Robine, Jagger, Euro-REVES Group, 2003), aligned with the International Classification of 
Functioning, Disability and Health. It asks respondents whether they were limited in their activities by 
health problems in the previous six months. In this paper we analyze GALI and its transitions using 
two complementary data sources: the Survey of Health, Ageing and Retirement in Europe (SHARE) 
and ISTAT’s “Aspetti della vita Quotidiana” (AVQ) household survey. SHARE is a panel that follows part  
of the individuals over time and allows estimation of age dependent transition intensities between 
health  states,  while  AVQ  is  cross-sectional  and  provides  large  sample  sizes  and  regional 
representativeness but  no follow up.  Both surveys collect  the GALI  along with demographic  and 
socio-economic variables and target noninstitutionalized adults living in private households.
To  disentangle  incidence,  recovery  and  mortality  we  model  the  respondent’s  health  status  as  a 
continuous-time Markov process with three states: non-disabled, disabled and dead. This framework 
links age-specific hazards to transition probabilities and to model-based prevalences in a coherent 
way (Cox and Miller, 1965), under the assumption of stable population and no period effect (Roma 
and Miglio, 2025). We extend the influential method of van der Gaag et al. (2015), which assumes an  
illness–death model and derives a point estimate of the disability incidence rate by deterministically 
solving the equation linking hazards to prevalence. Our approach allows for recovery (transitions back 
to the non-disabled state), makes more efficient use of the available information, and propagates  
uncertainty rather than relying on plug-in estimates.
Our objective is to estimate a survey-integrated multistate disability model for Italy that leverages all  
available information from SHARE and AVQ and supports projections of disability under alternative 
scenarios.

2. Data

SHARE is a multidisciplinary survey conducted across 27 European countries and Israel (Börsch-
Supan et  al.,  2013;  Bergmann et  al.,  2019).  We analyze  waves  from 1  (2003–2004)  to  9  (2022)  
(SHARE-ERIC, 2024), excluding wave 3 because it is largely retrospective and omits the outcomes of  
interest. We focus on the nationally representative Italian subsample and use the SHARE imputed 
data, which provide a dichotomized GALI indicator alongside sex, age, and education level. Mortality 
timing is measured as the reported month of death. To complement these longitudinal data, we use 
AVQ, restricting to the 2015 wave for computational tractability under the maintained assumption of 
no  period  effects  in  disability  (ISTAT,  2015).  From  AVQ  we  harmonize  the  same  variables  plus 
geographic area, standardize education to ISCED-97, and consider the age classes [45,55), [55,60), 
[60,65),  [65,75),  [75,  +∞),  noting  that  available  AVQ  reports  grouped  ages  only.  Based  on  the 



sampling  designs,  we  treat  both  sources  as  targeting  the  same population:  non-institutionalized 
adults living in private households.

3. Model

Let  Y (x )∈ \{0 ,1 ,2 \} be the health status at the age  x∈ R+¿¿,  with  Y (x )=0 indicating  non-
disabled  (nD),  Y (x )=1 disabled  (D),  Y (x )=2 dead  individuals.  The  full  set  of  dichotomous 
covariates, defined from sex (2 levels), education (4 levels) and ISTAT geographical area (5 levels), is 
indicated  by  z∈ {0 ,1}p.  If  the  geographical  area  is  not  considered,  we  use  z−r∈ {0 ,1}p−5.  We 
assume a continuous-time illness-death with recovery Markov model,  as in Figure 1.  Hazards are 
smooth function of age, chosen as time measure and covariates enter under a proportional-hazard 
structure.

Figure 1- Continuous-time Markov model with transition intensities

The  generator  of  the  continuous-time  Markov  model  is  a  matrix  Q (x ∣ z ) with  elements 

[q jk (x ∣ zk )], j , k=0 ,1,2,  q jj (x ∣ z j )=−∑
k ≠ j

q jk (x ∣ zk) , zk=¿ z if  k ≠2 and  z−r otherwise.  For 

q01(x∨z)and q10( x∨z), we model the log transition hazards as log q jk ( x ∣ z)=∑
h=1

H

β jk , hbh ( x )+γ jk
T z

, where β jk ,h , γ jk∈ R  are the coefficients to be estimated and bh ( x) are cubic B-spline basis. We let 
H=6,  with  knots  automatically  placed  at  percentiles  of  the  distribution  of  age.  Note  that 
γ jk
T =(γ−r , jk

T , γr , jk
T ) where γ r , jk

T  are the specific coefficient for the geographical area and we imposed 

∑
r=1
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γr , jk
T =0. We will use Γ−r and Γ  to indicate the vector of all γ−r , jk

T  and γ r , jk
T  coefficients. 

Let P(x , x+δ) denote the 3×3 transition probability matrix over the age interval ¿, with δ ≥0. For a 
non-homogeneous process (see Cox and Miller, 1965), it holds that

∂
∂ x

P ( x , x+δ )=Q ( x )P ( x , x+δ ) , P (x , x)=I .

We approximate Q (∙) as piecewise constant over a grid of age with 2 years intervals (average time 
interval between two SHARE waves and finer than spline knots).  To obtain transition probabilities 
from age x to x+δ  we traverse the intervals intersecting [x , x+δ ), applying the matrix exponential 
over  each  segment’s  duration.  Multiplying  these  segment-wise  transitions  in  chronological  order 
yields the overall transition matrix. Spline bases are evaluated at the lower bound of the age interval 
(Machado et al., 2021).



4. Estimation

SHARE provides interval-censored panel data. For each respondent  i,  we observe health state 
y i ,l (x i, l ),  forl=0 ,…, L−1,  with  no information on the path between interviews.  The likelihood 
contribution of the i-th respondent for interval [ xi , l , x i ,l+1] is the scalar entry p jk( xi , l , x i ,l+1|z−r ,i¿ of 
the transition probability matrix. Under the first-order Markov property, the joint probability of an 
individual’s  observed  sequence  factors  into  the  product  of  interval  transition  probabilities.  The 
individual contribution to the SHARE likelihood is therefore

LSHARE (β , Γ−r)=∏
i=1

N

Li
SHARE(β , Γ−r)=∏

i=1

N

∏
l=0

Li−1

[ p i (x i ,l , x i ,l+1∨zi ,−r , ; β , Γ−r )].
Where β ,Γ−r are vectors of parameters including all transitions, Li is the number of observations of 
the same respondent. Time of death is known exactly and the likelihood entry modified according to  
Machado et al.,  2021. Note that SHARE does not permit the estimation of the geographical area 
specific parameters.
For  AVQ,  let  yc be  the number of  GALI-limited out  of  nc respondents  in  cell  c,  defined by the 
combination of the age classes with limits  [Lc ,U c ] and the  p covariates. The class average model 
prevalence is defined as 

pc (β , Γ−r , Γ r)=
1

U c−Lc
∫
Lc

U c

w (x ∣ z ; β ,Γ−r , Γr )dx ,

where w (x ∣ z ; β , Γ−r , Γr ) solves the Kolmogorov forward equation

dw (x ∣ z )
dx

=q01 ( x , z ) [1−w (x ∣ z ) ]−q10(x , z )w (x ∣ z)+w (x ∣ z )[1−w (x ∣ z )](q02( x , z−r)−q12(x , z−r))

with yc Bin(nc , pc ). Regional heterogeneity enters by a unique set of parameters Γr  and by a logit 
shift at an anchor age  w (45 ∣ z)=logi t−1(w0(45∨z−r)+γr).  The parameter  w0(45∨z−r) can be 
initialized for each combination of the covariates solving the local equilibrium equation for national 

level prevalences 
dw (x=45 ∣ z−r)

dx
=0 in [0 ,1 ]. The joint likelihood to be optimized is the product of 

the two survey likelihoods with a penalization to facilitate identifiability, using a Ridge penalty on  
geographical area specific coefficient.

3. Preliminary results

Incidence of disability raised steeply with age, while recovery declined approximately linearly toward 
zero  at  advanced  ages,  implying  that  late-life  disability  is  effectively  permanent.  A  clear  
socioeconomic gradient  emerged:  lower education is  associated with higher incidence and lower 
recovery,  with  gender  contrasts  mirroring  these  incidence–recovery  profiles  and  well-known 
mortality  differentials.  We  observed  a  good  agreement  between  predicted  versus  observed 
prevalence with higher uncertainty at higher ages due to a combination of lower sample sizes and 
broader age classes. Overall, joint estimation using SHARE and AVQ tightened uncertainty, yielding 
more precise incidence and recovery and enabled identification of the full transition-intensity matrix  
Q (x ∣ z ), under the proportional assumption on the covariates.
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