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Voorwoord 



Voorwoord 
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1. Introduction 

During the 20th century, human life expectancy has increased by about 30 years in Western 

Europe, the United States (U.S.) and Japan. In recent decades, these gains in life expectancy 

have primarily been the result of reductions of mortality of the elderly as levels of mortality 

for children and younger adults were already very low. The question arises whether the 

improvement in health resulted in a postponement of morbidity as well. With increasing life 

expectancy and age-related morbidity, are years to live with morbidity expanded or 

compressed, or is it a mix? Lifestyle factors like smoking, BMI and education have proven to 

play an important role in the duration of morbidity, which deserves more attention. 

Figure 1. Survival curves and life expectancy in good health (75 years) and ill health (7 years) 

of a synthetic cohort. 
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Setting the scene 

Expansion or compression of morbidity 

Ageing is the process of physical, psychological and social change in an organism over time. 

The process of ageing is slow, it is a continuous process, it is progressive and determined by, 

logically, age. At higher ages the risk of morbidity increases. When mortality rates decrease 

and many people will reach higher ages, the question is whether the additional life years are 

spent in good health or with morbidity. In other words, does increased life expectancy 

expand or compress the duration of morbidity? Figure 1 shows the survival curves and life 

expectancy in good and in ill health for a synthetic cohort.  

Different theories exist about the future duration of morbidity in absolute and in relative 

terms. Advocates of the expansion of morbidity theory like Gruenberg and Olshansky 

assume that the increase in life expectancy is caused by a reduction in the fatality of chronic 

diseases rather than by a decline in the incidence of these diseases (Gruenberg 1977; 

Olshansky 1991). Advances in medical technology and public health would prevent the frail 

and disabled from dying and the increase in longevity should therefore go hand in hand with 

an increasing absolute number of years spent in poor health. Such absolute expansion of 

morbidity is demonstrated in the upper-left pane of Figure 2. In contrast, Fries (1980) 

proposed that there is a maximum average life span of 85 years. With improvements in 

health the onset of chronic diseases will be postponed, but given the maximum life span 

morbidity will then be compressed into a shorter period of time at the end of life. Hence, the 

absolute duration will be compressed (Figure 2: upper-right pane). Another alternative would 

be that life extension does add years with morbidity, but even more years in good health. 

This would increase the absolute duration in both states, but in relative terms of total life 

expectancy duration of morbidity would be compressed (Figure 2: lower-left pane). An final 

theory in the expansion or compression debate was given by Manton with his dynamic 

equilibrium theory (Manton 1982). This hypothesis highlights the significance of delay in the 

intermediate stage of the disease process, namely, in the progression from less severe to 

more severe (and more disabled) disease states. Screening and early diagnosis for example 

increase morbidity by early case detection but may postpone disability by treatment that 

lowers the risk of severe disease. If indeed people with chronic disease are living longer 
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because the rate of progression of their disease is slowing down we can expect increasing life 

expectancy to lead to an increase in overall prevalence of mild disabling diseases, but largely 

stable rates of severe disease (Figure 2: lower-right pane). 

Figure 2. Theories of compression or expansion of morbidity. 
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The evidence for the recent trend in morbidity prevalence is mixed. The prevalence of 

diseases like type 2 diabetes, hypertension and some cancers have increased over time, partly 

explained by earlier diagnosis. Prevalence of heart diseases and arthritis has increased as well 

as reporting of multiple disorders. Studies on the trend in prevalence of disability show 

conflicting results (Cai and Lubitz 2007; Christensen et al. 2009; Jagger et al. 2008; Manton 

2008).  
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Morbidity or ill health is a broad concept and it is hard to define. A widely used measure of 

health that is more objective is disability of activities of daily living or ADL disability. This is 

the measure we use in this study. When a person is unable to perform one of the activities of 

daily living independently, this person can be considered care dependent. We do not look 

into diseases. To complement the compression/expansion discussion, this study looks into 

the effect of risk factors on durations of disability and absolute compression or expansion of 

disability. 

Risk factors 

Apart from medical innovations, a large part of the gains in life expectancy are due to public 

health efforts advocating a more healthy lifestyle. An abundance of literature exists on the 

impact of lifestyle on health and mortality (Al Snih et al. 2007; Anttila et al. 2004; Calle, 

Teras and Thun 2005; Doblhammer and Vaupel 2001; Franco et al. 2004; Hubert et al. 2002; 

Jagger et al. 2007; Mamun et al. 2004). The most well-known and influential factors 

described in the literature are smoking, alcohol use, overweight or obesity, marital status, 

race, education and socioeconomic status. In this study we will focus on the influence of 

smoking, overweight and obesity and education, aside from demographic characteristics sex 

and age. 

The extreme mortality hazard as a result of smoking has often been studied and is well 

documented. Smoking is associated with a loss of average life expectancy by about 8 years 

for males and females aged 55 and over (Barendregt, Bonneux and van der Maas 1997; 

Nusselder et al. 2000). In the debate about compression or expansion of morbidity, the 

effect of smoking is perhaps paradoxical and in any case controversial: smoking, by being 

highly fatal, compresses life years with disease or disability by increasing mortality (Mamun 

2003; Mamun et al. 2004; Nusselder et al. 2000).  

The evidence on the impact of overweight and obesity on health is mixed, depending among 

others on the definition of good health, the age of the study population and the time period 

of the study. However, most researchers agree that the prevalence of overweight and obesity 

is increasing rapidly and that the obesity epidemic is a serious threat for population health. In 

2001-2004, 30% of men and 34% of women in the U.S. 20-74 year of age were obese (BMI 

30 and over) (Centers for Disease Control and Prevention 2006). Many countries follow the 
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U.S. lead (York et al. 2004). Several studies suggest that obesity could overtake smoking as 

actual cause of death (Mokdad et al. 2004; Peeters et al. 2003a). However, more recent 

studies suggest otherwise, demonstrating that at middle and old age, overweight lowers 

mortality, especially for men (Flegal et al. 2005; McGee 2005). Cardiovascular risk 

management like cholesterol lowering drugs palliated the cardiovascular disease risk and 

lowered obesity related mortality, but not the non-fatal disability causes. If disability is 

increased but not mortality, numbers of obese survivors expand morbidity, increasing life 

years lived with disability, care dependence and health-care costs (Andreyeva, Sturm and 

Ringel 2004; Reynolds, Saito and Crimmins 2005).  

Education has a more indirect effect on health and mortality than smoking and BMI. 

Education, just as socioeconomic status, can be seen as a proxy for a health and risk-averse 

lifestyle. The role of education in cognitive decline is particularly interesting. The hazard to 

become cognitively impaired increases rapidly with age and as higher educated reach higher 

ages, one can expect higher chances to ever experience cognitive impairment. At the same 

time, a large cognitive reserve prevents against cognitive impairment (Fratiglioni and Wang 

2007). The influence of education and other risk factors on life years with cognitive decline 

is described in Chapter 4. 

Although many researchers have studied the impact of the risk factors smoking, BMI and 

education on health and disability, we express the effects in terms of durations, hence life 

years. We will also refer to life years with or without (physical or mental) disability as state-

specific life expectancy. This life expectancy depends on the net balance between incidence, 

recovery and death. The power of our approach lies in expressing the results in terms of 

durations, summarizing the simultaneous influence of the risk factors on all transition rates. 

This study 

The objective of this study is to unravel the effect of risk factors on compression and 

expansion of the absolute duration of disability at middle and old age. The multistate model 

offers the analytical framework at both the population and individual level.  

The main research questions are: 
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1) How do risk factors influence the life expectancy with and without physical or 

cognitive disability? 

2) What is the distribution of individual disability that underlie the expansion or 

compression of disability caused by risk factors? 

3) How sensitive is life expectancy with and without disability to a change in mortality, 

incidence and recovery rates? 

Data and definitions 

All analyses and applications in this study were conducted using the U.S. Health and 

Retirement Study (HRS). This panel study is publicly available, follows a large cohort of 

individuals and has conducted 8 waves so far, providing a wealth of information for 

longitudinal data analysis. The European equivalent of HRS, the Study of Health and 

Retirement in Europe (SHARE), can answer similar research questions regarding the 

European population with similar methods as in this study, when more waves are available.  

We used the RAND version of the U.S. Health and Retirement Study data file containing the 

HRS and the Asset and Health Dynamics Among the Oldest (AHEAD) to answer the 

research questions. The combined dataset is also called HRS, to which we will refer to. The 

HRS include a nationally representative sample of initially noninstitutionalized persons aged 

50 and over. Sampled persons were reinterviewed biannually. Our sample covers survey 

rounds from 1992 to 2004. We selected the white non-Hispanic individuals for the analyses. 

We found that the non-white population behaved very differently and the complex and 

sensitive study of race is beyond the scope of this study. Only the analyses on cognitive 

impairment (Chapter 4) include race as covariate. 

Studying population health is much more complicated than studying mortality. Mortality is a 

discrete and unambiguous measure while health is ambiguous and continuous. Furthermore, 

many health surveys suffer low participation or follow-up, especially among the less healthy. 

The measure we use for physical disability is the Katz Activities of Daily Living. This 

indicator is based on an evaluation of the functional dependence or independence of patients 

in bathing, dressing, going to the toilet, transferring, continence and feeding (Katz et al. 

1963). We reckoned that failing the ability to perform one of these activities of daily living, 
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makes an individual dependent on care: a particular interesting piece of information for 

policymakers. Besides, the measure of ADL disability is often used in the literature, making 

results easier to compare. For measurement of cognitive impairment we make use of a 

modified version of the TICS (The Telephone Interview Cognitive Screen) instrument, a 

telephone interview adapted from the MMSE (Mini Mental State Examination) (Brandt, 

Spencer and Folstein 1988; Folstein, Robins and Helzer 1983). In case of inability to answer, 

a proxy would represent the respondent. 

Methods 

All methods used in this study are based on the multistate model. Multistate models allow 

individuals of a population to move in and out of living states. These movements are 

estimated by transition rates, that are the fundamental concepts of the multistate framework 

(Mamun 2003). The multistate approach using transition rates is preferred over the Sullivan 

method that uses prevalence rates. Transition rates more accurately reflect population 

changes and developments than prevalence, that includes the entire history of a population 

(Mathers and Robine 1997).  

One of the methods applied in this study is the Cox Proportional Hazard model, a widely 

used technique for transition data analysis. The Cox model does not parameterize the 

baseline, but estimates proportional effects. We use age as time scale and express the effect 

of risk factors as proportional hazard ratios. However, to answer our questions on absolute 

durations with or without disability, multistate life table analysis was used. The research 

question about the distribution of disability trajectories is answered using microsimulation 

techniques. In our study, we do not focus on the origin and developments of the methods. 

We merely apply the techniques to answer our research questions appropriately. Only 

Chapter 6 is method-oriented: it develops and improves existing sensitivity analyses of 

multistate life tables. 

To estimate the actual transition rates we use occurrence-exposure rates, smoothed by 

Poisson regression to reduce variability. The assumption is that transitions to disability and 

death increase exponentially with age, which fitted the empirical data very well. I assume that 

events occur halfway between two interviews and only one event occurs in the interval. To 

translate the rates in annual probabilities we assume the rates to be constant in the 1- year 
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intervals, hence we assume a piecewise constant exponential model. Given the discrete 

nature of the status information at interview, it would be more appropriate to estimate 

probabilities rather than transition rates. There are two methods to do this. The first is to 

estimate probabilities based on the average length of the intervals (Cai et al. 2010). A second 

possibility is to estimate transition probabilities with different lengths of intervals by finding 

the embedded Markov chain (Laditka and Wolf 2006; Laditka 1998). However, both 

alternative methods have some practical limitations and the differences with the use of 

occurrence-exposure rates, are very small (Wolf and Gill 2009). More on the estimation of 

the transition rates will follow in the discussion. The Poisson regression which estimates the 

transition rates returns standard errors of the parameters. However, we use bootstrapping to 

obtain confidence intervals in the multistate life table analyses and we start from the point 

estimates of the transition rates as starting point for the microsimulation. 

All models and methods used in this study are based on the estimated age- and sex-specific 

transition rates. These rates can be summarized into a population-based measure of state-

specific life expectancy, by using multistate life table analysis. The multistate life table 

generates a synthetic cohort that experiences the estimated transition rates. In this study we 

use population-based multistate life tables with two living states, healthy and physically or 

cognitively disabled. Status-based multistate life table functions are used only in Chapter 6. 

The most important result of the multistate life table is state-specific life expectancy, a 

comprehensive measure of absolute compression or expansion of disability. The effect of 

risk factors can be intuitively expressed by means of gains or losses in state-specific life 

expectancy. One should keep in mind that the data reflects the disability and death 

experience during a short time period (1992-2004). The life table approach applies these 

rates to an entire (synthetic) cohort. We used bootstrapping to obtain confidence intervals. 

A different approach to analyze durations of disability and the impact of risk factors is to 

investigate the distribution of individual disability trajectories. Individual trajectories provide 

additional information which is not provided by the cohort average. Individual disability 

trajectories can be produced by microsimulation. It creates individual biographies that are 

synthetic and fully determined by (1) the empirical transition rates and (2) the random Monte 

Carlo simulation technique, that identifies which individuals experience a transition during a 

given interval (Imhoff and Post 1998). The aggregated results are consistent with the 
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multistate life table results when based on the same rates. In this study we use continuous-

time microsimulation to demonstrate the effect of risk factors on disability trajectories that 

underlie the compression or expansion of disability. 

A final method used in the multistate framework of this study is sensitivity analysis. 

Sensitivity analysis deals with the question how a small change in a parameter alters 

particular outcome variables that interest us. Analytical sensitivity analysis of the multistate 

life table requires differentiation of the life table functions and hence matrix differentiation. 

The sensitivity function of state-specific life expectancy tells us for which rate and at what 

age an intervention would be most effective to gain (healthy) life years. The effectiveness can 

be expressed in absolute years or in relative life expectancy gain. Elasticities express the 

relative impact of a relative change. In our multistate illness-death model, elasticities express 

how sensitive healthy or disabled life expectancy is to changes in incidence, recovery and 

mortality. It is an intuitive measure to quantify the effect of a health change, for example 

because of a risk factor, in terms of compression or expansion of disability.  

Outline of the book 

Chapter 2 of this book studies the impact of the risk factors BMI, smoking and education on 

mortality, expressed in proportional hazard ratios and life years lost or gained. Chapter 3 

adds a disability state and analyzes the effect of risk factors on life expectancy with and 

without disability. Chapter 4 studies the duration of cognitive impairment and the impact of 

risk factors. As race turned out to be an important factor, we included this characteristic in 

the analysis. Chapter 5 assesses which individual disability trajectories underlie expansion or 

compression of disability caused by risk factors, using microsimulation. Chapter 6 derives 

the analytical sensitivity functions of the multistate life table, using matrix differentiation. In 

an application we study decelerated ageing, meaning a reduction of incidence and mortality 

rates. The sensitivity analysis quantifies the impact of decelerated ageing on compression or 

expansion of disability. The last chapter summarizes the main results. It discusses the 

contributions of this study, limitations of our methodological approach and the societal 

relevance. Finally, we will have a look into the future and propose recommendations for 

further research. 
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2. Little effect of obesity on life expectancy at middle and old age 

Abstract  

The evidence of the effect of overweight and obesity on mortality at middle and old age is 

conflicting. The increased relative risk of cardiovascular disease and diabetes for overweight 

and obese individuals is well documented, but the absolute risk of cardiovascular death has 

decreased spectacularly since the 1980s. We estimate the burden of mortality due to obesity 

among middle and old aged adults in the Health and Retirement Study (HRS), a U.S. 

prospective longitudinal study. We calculate univariate and multivariate age-specific 

probabilities and proportional hazard ratios of death in relation to self-reported body mass 

index (BMI), smoking and education. The life table translates age specific adjusted event 

rates in survival times, dependent on risk factor distributions (smoking, levels of education 

and self reported BMI). 95% confidence intervals are calculated by bootstrapping. The 

highest life expectancy at age 55 was found in overweight (BMI 25-29.9), highly educated 

non smokers: 30.7 [29.5:31.9] years (men) and 33.2 [32.1:34.3] years (women), slightly higher 

than a BMI 23-24.9 in both sexes. Smoking decreased the population life expectancy with 

3.5 [2.7:4.4] years (men) and 1.8 [1.0:2.5] years (women). Less than optimal education cost 

men and women respectively 2.8 [2.1:3.6] and 2.6 [1.6:3.6] years. Obesity and low normal 

weight decreased population life expectancy respectively by 0.8 [0.2:1.3] and 0.8 [0.0:1.5] 

years for men and women in a contemporary, U.S. population. The burden of mortality of 

obesity is limited, compared to smoking and low education.  

Introduction 

In 2004, Mokdad et al. calculated that obesity was overtaking smoking as actual cause of 

death (Mokdad et al. 2004). Equating the health risks of smoking with those of obesity 

struck the imagination (Littlejohns 2006; McTigue et al. 2003). Subsequent corrections were 

major: the original 365.000 attributable deaths came down to 112.000, the ranking of obesity 

as actual cause of death dropped from the 2nd to 7th place (Flegal et al. 2005; Mokdad et al. 

2004). What happened to obesity? 

We documented high mortality among obese and overweight persons in the Framingham 

Heart Study (FHS) before (Peeters et al. 2003a). However, the FHS describes the life history 
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of a cohort born between 1900 and 1920, alive at 1948-50 and followed up throughout the 

second half of the twentieth century. The cohort lived throughout the coronary heart disease 

epidemic, reaching its peak at the end of the 1960s (Kimm et al. 1983; Sempos et al. 1988). 

Since then, cardiovascular disease death rates have been declining considerably (Gregg et al. 

2005). Cardiovascular disease with coronary heart disease is by far the most important cause 

of excess death due to obesity (McGee 2005). These secular changes in cardiovascular 

mortality might explain the bewildering range of results linking BMI to mortality, even in the 

same age groups (McGee 2005).  

We studied the mortality experience of a recent cohort, the combined HRS and AHEAD 

studies which began in 1992 and 1993, respectively, and were merged in 1998. The design is 

comparable to the more recent Survey of Health, Ageing and Retirement in Europe 

(SHARE), allowing for later international comparisons (Andreyeva, Michaud and van Soest 

2007). We described the burden of mortality of overweight, obesity, smoking and education 

with life tables. Life tables translate age specific death rates in life expectancies, taking into 

account competing mortality risks. 

Data and methods 

Data 

We used the RAND Health and Retirement Study (HRS) data file containing the HRS and 

the Asset and Health Dynamics Among the Oldest Old (AHEAD).(Willis 2005) More 

information is available elsewhere (http://hrsonline.isr.umich.edu/). The HRS and AHEAD 

surveys include a nationally representative sample of initially non-institutionalized persons 

born in 1931-1941 (HRS, aged 51–61 in 1992) and in 1923 or earlier (AHEAD, aged 70 and 

older in 1993). Sampled persons were re-interviewed every two years. Response was on 

average 86% (HRS) and 90% (AHEAD).  We selected white non-Hispanic men and women 

of whom date of birth, gender, level of education, Body Mass Index (BMI), and smoking 

status was available. Data on vital status and month and year of death are obtained through 

the mortality register (the National Death Index) and through HRS answers. The sample 

includes surveyrounds from 1992 to 2002, covering 6 waves.  
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BMI, weight loss and self-report of health 

Body Mass Index (BMI in kg/m2) is determined by self-reports of height and weight at the 

first contact. We define the BMI groups according to the classification of the World Health 

Organization (www.who.int/bmi): underweight, BMI lower than 18.5, normal weight, BMI 

of 18.5 to 24.9, overweight, BMI of 25 to 29.9, obese, BMI of 30 to 34.9 and severely obese, 

BMI greater than or equal to 35. Because our analyses showed heterogeneity among the 

normal weight individuals, we split this group into low normal weight with a BMI of 18.5 to 

22.9 and normal weight with BMI of 23 to 24.9. Because weight loss at older ages can be an 

indication of deteriorating health and increased risk of dying we exclude persons with BMI 

less than 18.5 and use for every individual the BMI value that was first reported in the survey 

period. We start counting exposures and events after three years follow up. Respondent’s 

self-reported general health status is used to control for morbidity at baseline, ranging from 

1 for excellent to 5 for poor.  

Smoking status and educational attainment 

Smoking status is divided into three groups: never smokers, past smokers and current 

smokers. We use the oldest available information on smoking status. We distinguish three 

groups of educational attainment: Less than high-school or General Educational 

Development (GED), High school graduate and College graduate and above. 

Methods 

We estimated the hazard of mortality by age for males and females and for each determinant 

of interest. Since individuals may enter and leave observation anytime during the survey, left-

truncation is taken into account and we used the Nelson-Aalen estimator to determine the 

mortality hazard rather than the more common Kaplan-Meier estimator. The Nelson-Aalen 

estimator determines the cumulative hazard whenever an event (death) occurs (Klein and 

Moeschberger 2005). Age, education and smoking adjusted mortality rates by BMI were 

estimated using Poisson (loglinear) regression. 

Next we estimated Cox proportional hazard ratios, comparable to relative risks of death by 

BMI, smoking and education. Single year age is used as the timescale for the baseline hazard 

instead of time, accounting for left truncation and right censoring. Schoenfeld residuals with 

significance level set at 5% tested the proportionality assumption (Kleinbaum and Klein 
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2005). Because the mortality hazard for women was not proportional over age, we divided 

the data in groups of under age 80 and 80 and over.  

Mortality rates are translated in annual probabilities using the Poisson assumption which 

define stratified life tables calculating life expectancy ( xe ) at age x ≥ 55. Confidence intervals 

for the life expectancies and differences in life expectancies were calculated using 

bootstrapping with 1000 replicates. To check the confidence intervals we also applied 

Chiang’s analytical method using the rule of variance of a linear function (Chiang 1984), 

which gave practically the same results.  

Table 1 Sample population by sex, BMI, smoking status, education and age at baseline. 

 Males Females Total 
Total sample 7281 100.0% 8911 100.0% 16192 100.0% 
Low normal weight 912 12.5% 2515 28.2% 3427 21.2% 
Normal weight 1361 18.7% 1684 18.9% 3045 18.8% 
Overweight 3621 49.7% 2997 33.6% 6618 40.9% 
Obese 1095 15.0% 1179 13.2% 2274 14.0% 
Severely obese 292 4.0% 536 6.0% 828 5.1% 
Never smoked 1881 25.8% 4608 51.7% 6489 40.1% 
Stopped smoking 3893 53.5% 2686 30.1% 6579 40.6% 
Currently smoking 1507 20.7% 1617 18.1% 3124 19.3% 
Low education 2016 27.7% 2348 26.3% 4364 27.0% 
Medium education 3536 48.6% 5288 59.3% 8824 54.5% 
High education 1729 23.7% 1275 14.3% 3004 18.6% 
<65 3931 54.0% 4559 51.2% 8490 52.4% 
65-74 1375 18.9% 1514 17.0% 2889 17.8% 
75-84 1617 22.2% 2146 24.1% 3763 23.2% 
85+ 358 4.9% 692 7.8% 1050 6.5% 

 

To assess the effect of a determinant as a cause of loss of life in a population we multiply the 

age-specific baseline hazard by the relative risk estimated by the Cox model, weighted by the 

actual or hypothetical proportions of the population (Diekmann 1990). This is a 

counterfactual thought experiment comparable to the calculation of population attributable 

risk. However, the life table takes into account age at death and recalculates changes in 

mortality as changes in life expectancy. Interactions between BMI and smoking are only 

significant for males aged 80 and over. Since this group contains rather few individuals and 
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interactions have no effect on other variables and did not improve the model, we did not 

include interactions in the model. 

Results 

The final sample describes 16,192 non-Hispanic white persons aged 55 and over. Table 1 

gives the characteristics of the sample population. Persons were observed between May 1995 

and December 2002. During the period under survey 2,354 individuals died. The mean 

follow-up was 7.8 years (range 0 to 10.8 years), including the three first years to avoid weight 

loss caused by fatal disease. Figure 1 shows the age, smoking and education adjusted 

mortality by BMI. Variation in all cause mortality was small between BMI 23 and 36 among 

men and between BMI 20 and 33 among women.  

Figure 1 Age, smoking and education standardized proportional mortality hazard ratios for 

males (M) and females (F) by rounded BMI for ages 55 to 80 (lines are discrete splines 

weighted by standard errors). 
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The life expectancy at age 55 based on observed age specific death rates for males and 

females is respectively 23.7 [95% confidence interval 23.2:24.1] and 28.1 [27.6:28.6] (see table 

2, univariate analysis). The actual life expectancy of the white American population in 1997 

was 23.6 for men and 27.7 for women. After adjusting for smoking and education (see table 

2, multivariate analysis), overweight men lived 0.6 years longer [0.0:1.2] than normal weight 

men (BMI 23 to 24.9). There were no statistically or clinically significant differences in 

survival of overweight women or obese men and women, relative to a high normal weight 

(BMI 23-24.9). However, severe obesity did shorten life of men with 3.0 years [2.2:3.8] and 

of women with 5.2 years [4.4:6.1] compared to normal weight. Low normal weight (BMI 

18.5:22.9] cost 2.4 years for males compared to normal weight [1.8:3.0]. Stratifying for 

smoking status shows that the increased hazard of death of low normal weight is related to 

current or former smoking, but not to non-smoking.  

Table 2 Life expectancy at age 55 by life style determinants using stratified univariate analysis 

and multivariate model (95% confidence limits between parentheses). Differences are caused 

by confounding and interaction. 

 Univariate stratified Multivariate modeled 
 males Females males Females 
Total population 23.7 (23.2 to 24.1) 28.1 (27.6 to 28.6) 24.2 (23.9 to 24.6) 28.6 (28.1 to 29.1) 
Low normal weight 20.9 (19.5 to 22.4)* 28.2 (27.1 to 29.2) 21.9 (21.5 to 22.4)* 28.6 (28.1 to 29.2) 
Normal BMI † 23.7 (22.5 to 24.9) 28.5 (27.2 to 29.8) 24.4 (24.0 to 24.8) 28.7 (28.1 to 29.4) 
Overweight  24.6 (23.8 to 25.4) 28.8 (27.7 to 30.0) 25.0 (24.5 to 25.4) 29.4 (28.7 to 30.0) 
Obese 24.0 (22.2 to 25.8) 28.5 (26.9 to 30.1) 24.3 (23.7 to 24.9) 28.6 (27.8 to 29.4) 
Severely obese 21.0 (18.9 to 23.1)* 23.1 (21.1 to 25.0)* 21.4 (20.7 to 22.0)* 23.5 (23.0 to 24.1)* 
Never smoking † 28.2 (27.1 to 29.2) 30.5 (29.8 to 31.3) 27.8 (27.0 to 28.5) 30.4 (29.8 to 30.9) 
Stopped smoking 24.2 (23.4 to 25.0)* 27.8 (26.7 to 28.9)* 24.0 (23.6 to 24.3)* 28.0 (27.5 to 28.6)* 
Current smoker 18.7 (17.6 to 19.8)* 22.4 (21.2 to 23.8)* 19.6 (19.3 to 19.9)* 22.9 (22.5 to 23.3)* 
Low education 21.2 (20.2 to 22.2)* 25.6 (24.3 to 26.9)* 22.5 (22.2 to 22.9)* 26.6 (26.2 to 27.1)* 
Medium education 23.5 (22.7 to 24.3)* 28.7 (27.7 to 29.6)* 23.8 (23.4 to 24.2)* 28.7 (28.2 to 29.3)* 
High education † 27.5 (26.2 to 28.8) 31.0 (29.4 to 32.6) 27.0 (26.4 to 27.7) 31.2 (30.3 to 32.1) 
Overweight, highly 
educated non-smoker 

29.5 (26.4 to 32.7) 33.5 (30.3 to 36.8) 30.7 (29.5 to 31.9) 33.2 (32.1 to 34.3) 

† Reference category 
* P < 0.05 compared to reference category. 
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After adjusting for BMI and education, male and female smokers lived on average 8.2 years 

[7.3:9.0] and 7.5 years [6.8:8.2] shorter, while quitters lived respectively 3.8 years [2.9:4.6] and 

2.3 years [1.6:3.1] years shorter. Highly educated men lived 3.3 years [2.5:4.0] (moderate 

education) and 4.5 years [3.8:5.3] (low education) longer, highly educated women lived 

respectively 2.4 [1.4:3.5] and 4.6 [3.6:5.6] years longer. The optimal lifestyle in terms of life 

expectancy is lived by overweight, highly educated persons who never smoked. Figure 2 

shows the fit of our model in the case of this optimal lifestyle, showing a median survival at 

age 55 of 32.1 and 34.3 years, which is a total life expectancy of 87.1 and 89.3 for men and 

women. The multivariate Cox proportional hazards model (table 3), adjusting for smoking 

and levels of education confirms the univariate life table findings.  

Figure 2 Survival function and median age at death (for 55+) of the multivariate model and 

the actual life table for the overweight, non-smoking, highly educated population. 
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To limit the possibility of reverse causation (people with low weight because of existing 

disease), we studied weight loss. There were 1,284 people who lost 10% or more of their 

weight in less than three waves (or on average in less than 6 years), which conferred a hazard 

ratio of death equal for both sexes, 2.6 [2.1:3.2] (between 2 waves or 4 years) and 1.9 [1.6:2.2] 

(between 3 waves or 6 years). However, 2,554 people, men and women losing weight over 3 

waves or more (>6 years) saw their hazard of death lowered: a PHR of 0.6 [0.5:0.7]. We 

modelled the proportional hazards after excluding those who lost weight, but the changes in 

hazard ratios were minor. Waiting five years instead of three before counting events did not 

change the results, except for lowering the statistical power. Waiting three years does not 

exclude reverse causation entirely but limits it sufficiently. 

Table 3 Cox proportional hazard ratios (age under and over 80) with 95% confidence 

intervals. Model 1 describes the association of BMI with mortality, model 2 adjusts for 

smoking and education. 

  Males females 
  55-80 80+  55-80  80+  
Model 1    (C.I)     (C.I)     (C.I)     (C.I)    
Low normal 
weight 

1.59 1.25 2.02 1.14 0.90 1.44 1.05 0.80 1.39 0.99 0.82 1.20 

Normal weight 1.00    1.00   1.00    1.00    
Overweight 0.95 0.78 1.16 0.88 0.71 1.08 1.05 0.81 1.37 0.79 0.65 0.96 
Obese 1.05 0.82 1.36 0.88 0.62 1.25 1.02 0.74 1.42 0.94 0.71 1.24 
Severely obese 1.42 0.98 2.04 1.37 0.70 2.69 1.94 1.36 2.76 1.84 1.26 2.68 
Model 2                  
Low normal 
weight 

1.42 1.11 1.81 1.1 0.87 1.39 1.01 0.77 1.34 1.01 0.84 1.34 

Normal weight 1.00    1.00   1.00    1.00    
Overweight 0.96 0.79 1.18 0.86 0.70 1.06 1.03 0.79 1.34 0.80 0.66 0.98 
Obese 1.08 0.83 1.39 0.85 0.60 1.21 1.07 0.77 1.49 0.95 0.72 1.26 
Severely obese 1.47 1.02 2.12 1.31 0.67 2.58 1.95 1.36 2.79 1.80 1.23 2.64 
Never smoked 1.00    1.00   1.00    1.00    
Stopped smoking 1.77 1.41 2.22 1.28 1.05 1.56 1.47 1.18 1.84 1.20 1.02 1.41 
Currently smoking 3.23 2.53 4.12 1.45 1.07 1.96 2.86 2.28 3.58 1.98 1.52 2.58 
High education 1.00    1.00   1.00    1.00    
Low education 1.89 1.49 2.39 1.37 1.07 1.75 2.53 1.71 3.76 1.18 0.92 1.52 
Medium education 1.69 1.35 2.11 1.07 0.83 1.38 1.99 1.36 2.91 0.91 0.71 1.18 
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Loss or gain in life expectancy 

The multivariate model of table 2 can also be interpreted as a counterfactual experiment 

measuring the life expectancy if the whole imaginary cohort was obese, highly educated, etc. 

This can be compared to the modelled average population life expectancy. If everybody 

would be overweight, non smoker and highly educated, the population life expectancy would 

be 6.5 [5.2:7.7] years (men) and 4.6 [3.4:5.8] years (women) higher. If nobody would have 

ever smoked, population life expectancy would be 3.5 [2.7:4.4] years (men) and 1.8 [1.0:2.5] 

years (women) higher. Less than optimal education cost men and women respectively 2.8 

[2.1:3.6] and 2.6 [1.6:3.6] years (considering low education causal and ignoring selection that 

might lead to lower levels of education). If everybody had been overweight instead of 

(morbid) obese or had (low) normal weight, population life expectancy would increase with 

0.8 [0.2:1.3] for males and 0.8 [0.0:1.5] year for females. Figure 3 is comparable to 

calculations of attributable risks but shows losses or gains in life expectancy, attributable to 

the selected risk factors. Losses or gains in life expectancy by each risk factor are weighted 

by the prevalence of that risk factor in the population illustrating the importance of the 

contributions of risk factors to the total population life expectancy. Obesity costs severely 

obese men 2.8 years of life, but because of low prevalence (4%), severe obesity contributes 

only -0.1 years to life expectancy at the population level.  

Discussion  

The HRS confirms findings from other studies: being overweight at middle and older ages 

does not increase, and perhaps even decreases the risk of dying (Al Snih et al. 2007; Flegal et 

al. 2005; McGee 2005). Only higher levels of BMI increase mortality, which implies that the 

burden of mortality of obesity is limited even in present day United States. In the HRS study, 

the burden of mortality of overweight was not higher than of a BMI between 23 and 24.9 

and even mild obesity did not show excess mortality. Low normal weight on the other hand 

did increase the hazard rate significantly for men. The burden of past and current smoking is 

far higher, decreasing total life expectancy with 3.5 (men) and 1.7 years (women) in the total 

population. Poor education also has a larger impact on mortality than body weight. Only 

severe obesity knows a high mortality. These results, indicating lower mortality at high 

normal BMI and overweight and higher mortality at low normal weights are in line with 

many other studies(Gu et al. 2006). 
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Limitations 

The HRS is a general purpose study of health and retirement. We have no data on the effect 

of increased BMI’s at younger ages, but people die rarely at younger ages. On the other 

hand, increasing prevalence of obesity in the future might be successfully tackled by 

innovative technology. The strength and weakness of our study is the recent but short period 

of time, namely 10 years in the 1990s. The short period makes it difficult to make statements 

about the future life course. On the other hand, the recent observation window gives a 

reliable picture of recent mortality, not of mortality in the past fifty years. 

Figure 3 Losses or gains in average population life expectancy attributed to risk factors, 

adjusted for each other (95% confidence limits). 
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The HRS contains self-reported BMI. Measured BMI tends to be underreported by self 

report, especially for women with a higher body weight (Visscher et al. 2006). For 

overweight and obese women the mean difference was -1.14 BMI (Nawaz et al. 2001). This 
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would only strengthen our findings as the critical BMI point where mortality hazards start to 

increase (see Figure 1) would move up even higher. However, underreporting of BMI’s does 

lead to underestimation of prevalence of obesity and hence to slightly underestimated loss of 

life expectancy on population level. Metha and Chang show that the prevalence 

underestimation is small (Metha and Chang 2008). BMI, although widely used in health 

promotion, is no more than a fair measure of adiposity (Bray, Bouchard and James 1997; 

Visscher et al. 2001; Visscher et al. 2006);(Wannamethee et al. 2007). Weight is the sum of 

fat-free mass and body fat, with opposite effects on health (Wannamethee et al. 2007). At a 

BMI of 26-27, the mean percentage of body fat is 26 but may vary between 16% and 

40%.(Bray et al. 1997) Wasting associated with loss of muscle mass sharply increases the risk 

of death, while high levels of body fat maintain BMI at normal levels. Waist circumference 

(as proxy of adiposity) and midarm muscle circumference (as proxy of muscle mass) are far 

better predictors of mortality risks than BMI (Visscher et al. 2001; Wannamethee et al. 

2007).  

We limited the analysis to all cause mortality, lacking cause specific data. Both overweight 

and obesity are associated with higher rates of diabetes and cardiovascular mortality (McGee 

2005). Older studies like the Framingham Heart Study and to a lesser extent the Cancer 

Prevention Study II did detect a high excess risk of death in obesity (Calle et al. 1999; Peeters 

et al. 2003a). However, cardiovascular mortality rates have halved since the 1970’s, 

particularly after 1980. Smoking, high blood pressure and increased cholesterol levels came 

down sharply, partly as a consequence of successful cardiovascular risk management (Gregg 

et al. 2005). This may well explain the disappearing excess mortality in more recent studies. 

Our analysis is comparable to the NHANES data, a recent meta-analysis of 26 prospective 

studies and many more (Adams et al. 2006; Flegal et al. 2005; Gu et al. 2006; McGee 2005). 

Increased morbidity and mortality from cardiovascular diseases and diabetes is a common 

observation, but mortality of all causes is lower at high normal weight and overweight. Even 

the Framingham Heart Study shows conflicting results, likely depending on choices made in 

age bands and calendar periods used (Wilson et al. 2002). 

Several studies show that healthier people at baseline show lowest mortality risks at lower 

BMI than less healthy people: among women, non-smokers, or those free from disease, BMI 

related to lowest mortality are lower (Adams et al. 2006; Calle et al. 1999; Kuriyama et al. 
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2004; Manson et al. 1995). Among men, former and current smokers or those with disease, 

BMI related to lowest mortality are higher.  In current populations of middle aged and 

elderly persons, the former categories are far smaller. The striking differences between the 

large populations of former smokers and never smokers might suggest other than causal 

explanations for lowered mortality at lower BMI in these groups. Risk avoidance of people 

living a prudent life can cause both lowered mortality and lower weight.  

Fatal disease causing weight loss can never be fully excluded in observational studies. We 

assessed potential reverse causation by various sensitivity analyses. We waited five years 

instead of three, excluded persons who lost weight as well as individuals who reported their 

health status as poor at baseline. None of these altered the results materially. Longer term 

weight loss, was associated with an increased, not a decreased life expectancy.  

As senescence and degenerative diseases cause loss of weight, a higher weight may extend 

life by offering increased reserves. Lowered mortality of obesity should not lead to 

complacency (Basham and Luik 2008; Jeffery and Sherwood 2008). Firstly, while mortality is 

increased at very high levels of BMI, wasting together with adiposity may increase the 

mortality risks of ‘normal’ BMI at middle and old age (Visscher et al. 2001; Wannamethee et 

al. 2007). Weight circumference as a marker of adiposity and midarm muscle circumference 

are not so difficult to obtain and explain better mortality risks at increasing ages than does 

BMI. Insertion tapes seem to give more valuable information than balances. Secondly, 

obesity may be the exact opposite of smoking: while smoking is still fairly fatal, obesity 

became largely non-fatal (Flegal et al. 2005; Gregg et al. 2005). Smoking prevents morbidity 

by premature death (Barendregt et al. 1997; Mamun et al. 2004). Older HRS results on 

obesity showed little change in total life expectancy but shortened active life expectancy 

(active life expectancy is the ability to perform the activities of daily living) (Andreyeva et al. 

2004; Reynolds et al. 2005). The price to pay for the lowered mortality of obesity may well 

be increased morbidity and health-care costs in the extended life. 

While some researchers predict that obesity may cause life expectancy to decline (Olshansky 

et al. 2005),  we conclude that the burden of mortality of obesity among white Americans 

aged 55 and over is limited to a still small fraction of severely obese people. Highly educated 
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overweight never smokers may anticipate at age 55 a total life expectancy of 85.7 years and 

88.2 years.  

Further studies should identify the causes why overweight protects against all cause 

mortality, while cardiovascular mortality is still increased (McGee 2005). The interaction 

between overweight, increased cardiovascular risk and successful cardiovascular risk 

management may cause interesting dilemmas for future health policy. While the burden of 

mortality of obesity is fairly small, the burden of morbidity and obesity associated health-care 

costs may increase, partly as a consequence of successful health-care interventions 

promoting survival of the obese. Future research should focus more on morbidity and 

disability than on the rather limited excess mortality. 
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 3. Smoking kills, obesity disables 

Abstract 

Increasing BMI causes concerns about the consequences for health-care. Decreasing 

cardiovascular mortality has lowered obesity related mortality, extending duration of 

disability. We hypothesized increased duration of disability among overweight and obese 

individuals.  

We estimated age, risk and state dependent probabilities of ADL disability and death and 

calculated multistate life tables, resulting in the comprehensive measure of life years with and 

without ADL disability. We used prospective data of 16,176 white adults of the Health and 

Retirement Study (HRS). Exposures were self-reported BMI and for comparison smoking 

status and levels of education. Outcomes were years to live with and without ADL disability 

at age 55. The reference categories were high normal weight (BMI 23-24.9), non smoking 

and high education. 

Mild obesity (BMI 30-34.9) did not change total life expectancy (LE) but exchanged disabled 

for disability free years. Mild obesity decreased disability free LE with 2.7 [95% confidence 

limits 1.2:3.2] year but increased LE with disability with 2.0 [0.6:3.4] years among men. 

Among women, BMI 30-34.9 decreased disability free LE with 3.6 [2.1:5.1] years but 

increased LE with disability with 3.2 [1.6:4.8] years. Overweight (BMI 25-29.9) increases life 

expectancy with disability for women only, by 2.1 [0.8:3.3] years). Smoking compressed 

disability by high mortality. Smoking decreased LE with 7.2 years, and LE with disability 

with 1.3 [0.5:2.5] years (men), 1.4 [0.3:2.6] years (women). A lower education decreased 

disability free life, but not duration of ADL disability. In the ageing baby boom population, 

higher BMI will further increase care dependence. 

Introduction 

In 2001-2004, 30% of men and 34% of women in the U.S. aged 20-74 year were obese (BMI 

30 and over) (Centers for Disease Control and Prevention 2006). Many countries follow the 

U.S. lead (York et al. 2004). Several studies suggest that obesity could overtake smoking as 

actual cause of death (Mokdad et al. 2004; Peeters et al. 2003a). However, more recent 



 45 

studies suggest otherwise, demonstrating that at middle and old age, overweight lowers 

mortality, especially for men (Bonneux and Reuser 2007; Flegal et al. 2005; McGee 2005; 

Reuser, Bonneux and Willekens 2008). The so called obesity epidemic is put into question 

(Basham and Luik 2008; Jeffery and Sherwood 2008). Even mild obesity does not increase 

the hazard to die among the 65 and older (Al Snih et al. 2007). The major obesity related 

cause of death, cardiovascular mortality, has been spectacularly declining, partially due to 

improved therapies and cardiovascular risk management (CDC 1999; Gregg et al. 2005; 

Lawlor, Lean and Sattar 2006; Wild and Byrne 2006). In Norwegian surveys, the relative risk 

of death of diabetes, one of the main health consequences of obesity remained constant over 

time, but the absolute risk halved in a single decade (Dale et al. 2008). Obesity is related to 

increased blood pressure, dyslipidemia and diabetes. These can now be controlled, but at a 

cost (Gregg et al. 2005; Lawlor et al. 2006; Wild and Byrne 2006). High weight increases the 

mechanical stress on joints, particularly knee and back, increasing back pain and 

osteoarthritis and limiting mobility (Sach et al. 2007; Sturmer, Gunther and Brenner 2000). If 

disability is increased but not mortality, numbers of obese survivors expand morbidity, 

increasing life years lived with disability, care dependence and health-care costs (Andreyeva 

et al. 2004; Reynolds et al. 2005).  

We describe the disability free life expectancy and expected duration of disability at age 55 in 

a recent large U.S. prospective study of the middle aged and the elderly (Juster and Suzman 

1995), using multistate life tables. To classify weight we use self-reported BMI and we 

compare the effects of BMI with the other important risk factors smoking and educational 

attainment. The life table translates hazard rates into transition probabilities and calculates 

life expectancies with or without disability, conditioned by risk factors.  

Population and methods 

We used the RAND user-friendly version F of the Health and Retirement Study (HRS) data 

file containing the HRS and the Asset and Health Dynamics Among the Oldest Old 

(AHEAD) which began in 1992 and 1993, respectively, and were merged in 1998 (Juster and 

Suzman 1995). The HRS and AHEAD surveys include a nationally representative sample of 

initially non-institutionalized persons born in 1931-1941 (HRS, aged 51-61 in 1992) and in 

1923 or earlier (AHEAD, aged 70 and older in 1993). Sampled persons were re-interviewed 
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biannually and the sample was replenished in 2004 by individuals aged 51 to 56 that year. 

Response was on average 86% (HRS) and 90% (AHEAD). The combined dataset is also 

called HRS, to which we will refer from now on. We selected white non-Hispanic men and 

women of whom date of birth, gender, level of education, Body Mass Index (BMI), smoking 

status, and ADL score were available. Data on vital status and month and year of death are 

obtained through the mortality register (the National Death Index) and exit interviews. Only 

1% of the population (166/16,176 individuals) experienced recovery. Ignoring recovery 

simplified the multistate life tables without changing the results. Our sample covers survey 

rounds from 1992 to 2004.  

Self-reported weight and height at baseline are used to calculate BMI (kg/m2), classified as 

low normal weight (18.5-22.9), high normal weight (23-24.9),  overweight (25-29.9), mildly 

obese (30-34.9) and severely obese (35+). We split normal weight into two classes, divided at 

BMI 23, because previous analyses suggested important heterogeneity at middle age (Reuser 

et al. 2008). We excluded underweight (BMI < 18.5), not being part of our study of normal 

and excess weight. We use the first length and weight reported. To avoid confounding by 

individuals with very bad health conditions at baseline, we start counting exposures and 

events after three years follow up. Smoking status is included as ‘never smoked’, ‘stopped 

smoking’ and ‘currently smoking’ based on the first reported information on smoking status. 

We distinguish three groups of educational attainment: Less than high school or General 

Educational Development (GED), High school graduate, and College graduate and above. 

Outcomes are all-cause mortality and disability. Disability is defined by the Katz basic 

activities of daily living (ADL): Walking, Bathing, Dressing, Toileting and Feeding .(Katz et 

al. 1963) We classify as ADL disabled anyone answering ‘with difficulty’ to at least one of the 

ADL items.  

We estimated the hazard rates of transitions to death and disability by age for each 

determinant of interest and for males and females. We estimated Cox proportional hazard 

ratios by BMI, smoking and education. We chose the Cox model because it is commonly 

used to assess the effects of risk factors on hazard (transition) rates and because it does not 

make any assumption on the baseline. Age is used as the timescale for the baseline hazard, 

accounting for left truncation and right censoring. Schoenfeld residuals with significance 
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level set at 5% tested the proportionality assumption, which was met for all transitions. To 

calculate life tables, transition rates are required and exponential smoothing using Poisson 

regression is applied to reduce the variability of the rates (Mamun 2003). The assumption is 

that the hazards of death and disability increase exponentially with age, which fitted the 

transition rates to death and disability very well. The effect of choice of model (Cox or 

Poisson) on the outcome is small as the increase with age is close to exponential. For ADL 

disability we assume transitions halfway between two waves. To include covariates in 

estimating the rates we used both univariate models, stratified by one risk factor of interest, 

and multivariate models correcting for all risk factors. In order to describe the burden of 

mortality and disability of BMI, smoking and education we defined multistate life tables by 

the estimated transition rates. To translate the rates in annual probabilities we assume the 

rates to be constant in the 1- year intervals because the assumption of transitions halfway the 

interval cannot be incorporated in the Cox or the Poisson model. The assumption of 

(piecewise) constant rates can. The main outcomes are total life expectancy, life years with 

and life years without ADL disability at age 55. Confidence intervals for the life expectancies 

and differences in life expectancies were calculated using bootstrapping with 250 replicates. 

Constructing confidence intervals with 1,000 replicates was much more computer-intensive 

and resulted in negligible differences. 

Table 1: Selection of the sample. 

    men women total 
Initial sample 13086 17110 30196 
Non-whites 2405 3535 5940 
Hispanics  803 1099 1902 
BMI < 18.5 93 461 554 
Aged < 55  1067 1665 2732 
Participated less than 3 year after first report of BMI 1467 1328 2795 
Missing data on BMI, smoking or ADL disability  56 41 97  
Final sample 7195 8981 16176 
 

Results 

The selection of non-Hispanic white individuals aged 55 and over, who participated at least 3 

years and reported BMI, smoking, education and ADL resulted in a sample of 16,176 

individuals. The selection is shown in Table 1. The distribution of population, exposures and 
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deaths by sex, age-groups and covariates is shown in Table 2. 30% of males and 36% of 

females had difficulties performing one of the ADL at some point during observation and 

where classified as disabled. 

Table 2: Population, exposure and deaths by sex, age and risk factor status at baseline. 

*) For number of individuals, the age at entry into observation is used (baseline + 3 year) 

Relative risks 

A Cox hazard regression model shows the proportional hazards for transitions to death and 

to ADL disability (defined as failing at least one basic ADL) by BMI, smoking status and 

levels of education. Table 3 shows both the univariate and multivariate proportional hazard 

ratios (PHR). When adjusted for the other covariates, some risk factor effects become 

smaller, e.g. the increased mortality risk for low normal weight men is partly taken over by 

smoking.  

A higher BMI increases the hazard of ADL disability. For mildly obese men and women the 

PHRs were respectively 1.69 [1.37:2.09] and 1.66 [1.37:2.00] in the multivariate analysis. 

There was a clear dose response relationship, with increasing obesity causing increasing 

hazards of disability. 

  Number of individuals Person Years Deaths 
  Males Females Total Males Females Total Males Females Total
Total 7195 8981 16176 41906 52268 94174 1600 1599 3199 
low normal weight 885 2532 3417 4938 14605 19543 303 524 827 
normal weight 1335 1668 3003 7872 9815 17687 314 312 626 
overweight 3594 3033 6627 21115 17738 38853 730 504 1234 
mildly obese 1089 1213 2302 6346 7115 13461 200 174 374 
severely obese 292 535 827 1635 2996 4631 53 85 138 
never smoked 1872 4633 6505 11164 26865 38029 291 878 1169 
stopped smoking 3825 2719 6544 22166 15682 37848 917 447 1364 
currently smoking 1498 1629 3127 8577 9721 18298 392 274 666 
low education 1965 2321 4286 11069 13196 24265 637 656 1293 
middle education 2106 3431 5537 12471 20537 33008 456 533 989 
high education 3124 3229 6353 18366 18536 36902 507 410 917 
55-64 *) 4036 4768 8804 18147 22105 40252 237 161 398 
65-74 1364 1571 2935 12889 12930 25819 364 211 575 
75-84 1502 2043 3545 8441 12345 20786 585 552 1137 
85+ 293 599 892 2429 4888 7317 414 675 1089 
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1.09 (0.91; 1.30)
1.01 (0.86;1.19) 

1.10 (0.92;1.31) 
BM

I 23-24.9 * 
1.00 

1.00 
1.00 

1.00 
1.00 

1.00 
BM

I 25-29.9 
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1.31 (1.12;1.53) 
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1.32 (1.13;1.54) 
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H
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* Reference category. bold figures are significant at p=
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 Table 4: Life years yet to live in total, w
ith or w

ithout disability at age 55, w
ith gains or losses by risk categories, adjusted for each other. 

  
M

ales 
Fem

ales 

  
Total 

life 
expectancy 

N
on-disabled 

Life 
D

isabled Life 
Total 

life 
expectancy 

N
on-disabled 

Life 
D

isabled Life 
BM

I 18.5-22.9 
-1.8(-3.2; -0.4) 

-1.1(-2.5; 0.2) 
-0.7(-1.8; 0.5) 

-0.4(-1.6; 0.8) 
0.1(-1.3; 1.5) 

-0.5(-1.6; 0.6) 
BM

I 23-24.9 * 
Ref (24.5) 

Ref (19.5) 
Ref (5.1) 

Ref (28.7) 
Ref (21.8) 

Ref (6.9) 
BM

I 25-29.9 
0.6(-0.6; 1.8) 

0.2(-0.9; 1.3) 
0.4(-0.6; 1.4) 

0.6(-0.7; 1.8) 
-1.5(-2.9; -0.1) 

2.1(0.8; 3.3) 
BM

I 30-34.9 
-0.6(-2.3; 1.0) 

-2.7(-4.2; -1.2) 
2.0(0.6; 3.4) 

-0.4(-2.0; 1.1) 
-3.6(-5.2; -2.1) 

3.2(1.6; 4.8) 
N

ever sm
oked * 

Ref (27.6) 
Ref (21.4) 

Ref (6.2) 
Ref (30.4) 

Ref (22.0) 
Ref (8.4) 

Stopped sm
oking 

-2.8(-4.0; -1.6) 
-1.9(-3.0; -0.8) 

-0.9(-1.8; 0.3) 
-1.6(-2.7; -0.5) 

-0.7(-1.9; 0.4) 
-0.9(-2.0; 0.1) 

Currently sm
oking 

-7.7(-9.0; -6.4) 
-6.4(-7.6; -5.2) 

-1.3(-2.5; -0.5) 
-6.6(-7.8; -5.4) 

-5.2(-6.3; -4.1) 
-1.4(-2.6; -0.3) 

Low
 education 

-2.8(-3.9; -1.8) 
-3.6(-4.6; -2.5) 

0.7(-0.1; 1.5) 
-3.2(-4.2; -2.2) 

-3.3(-4.4; -2.1) 
0.0(-1.0; 1.0) 

M
edium

 education 
-1.7(-2.8; -0.6) 

-2.1(-3.2; -1.0) 
0.4(-0.5; 1.2) 

-1.0(-2.1; 0.1) 
-0.4(-1.5; 0.6) 

-0.6(-1.5; 0.4) 
H

igh education * 
Ref (26.2) 

Ref (21.1) 
Ref (5.1) 

Ref (30.1) 
Ref (21.9) 

Ref (8.2) 
* Reference category. Betw

een parentheses the life years yet to live in total, w
ith or w

ithout A
D

L disability. 
bold figures are significant at p<

0.05 
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For men, overweight did not increase the risk of disability, but for women it did (PHR 1.25 

[1.07:1.46]). Overweight or mildly obese women also face lower hazards of death once 

disabled, extending life with disability. Smoking and low education both increase risks of 

ADL disability and death for both men and women. No interaction effects between the 

other risk factors were significant, the disability hazards by BMI being similar for smokers 

and non-smokers and for different levels of education. However, the increased risk of death 

at low normal weight was predominantly observed among current smokers. 

Figure 1: Life expectancy with and without ADL disability at age 55 (univariate analysis). 

Error bars represent 95% confidence intervals of disability free and total life expectancy. 

 

Life expectancy 

Translating age, sex and risk factor-specific transition rates (univariate) into life expectancies 

at age 55 shows the stratified life expectancy with and without disability for each risk group 

(Figure 1 for BMI). The actual life expectancy of the total unselected white American 

population in 1997 was 23.6 for men and 27.7 for women at age 55 (Centers for Disease 

Control and Prevention and National Center for Health Statistics 2006). The comparable life 

expectancy of our study population was respectively 24.0 and 28.2 years (excluding 

underweight individuals). A BMI between 18.5 and 29.9 showed the longest life expectancy 

free from disability for women and for men between 23 and 29.9. Mild obesity (BMI 30-
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34.9) did not shorten total life expectancy but, at age 55, mild obesity shortened disability 

free life with 2.9 [1.4:4.4] years for males and 4.3 [2.6:6.0] for females compared to high 

normal weight (BMI 23-24.9). Severely obese men live on average 6.0 [3.6:8.4] years shorter 

free from ADL disability and women 8.4 [6.5:10.4] years. For men, low normal weight (BMI 

18.5-22.9) lowers both total and disability free life expectancy.  

Table 4 shows the gains or losses in disabled and disability-free life expectancy in the 

multivariately adjusted multistate life table compared to the reference risk category. 

Differences between the univariate and multivariate life table results are small. Among men, 

a BMI 30-34.9 compared to BMI 23-24.9 decreased disability free LE with 2.7 [1.2:4.2] year 

and increased LE with disability with 2.0 [0.6:3.4] years. Among women, a BMI 30-34.9 

compared to BMI 23-24.9 decreased disability free LE with 3.6 [2.1:5.2] year and increased 

LE with disability with 3.2 [1.6:4.8] years. Among women, overweight (BMI 25-29.9) 

compared to BMI 23-24.9 increased life expectancy with disability with 2.1 [0.8:3.3] years. 

The sample of severely obese persons was too small to calculate confidence intervals in this 

multivariate model. Therefore, these results have been omitted. Negligible differences in 

total life expectancy hid large and significant decreases in disability free life expectancy and 

increases in life expectancy with ADL disability. In the male HRS cohort, mild obesity 

increased duration of disability with 40 %, in the female HRS cohort, overweight and mild 

obesity increased duration of disability respectively with 30% and 46%. 

The effect of smoking is very different. Smoking shortens both life expectancy free of 

disability (6.4 years [5.2:7.6] among men and 5.2 years [4.1:6.3] among women) and years 

lived with disability (1.3 years [0.5:2.5] and 1.4 years [0.3:2.6]). These results add to previous 

life course analyses showing decreased health-care costs and cardiovascular morbidity as a 

consequence of  the high mortality of smoking (Barendregt et al. 1997; Mamun et al. 2004). 

A lower level of education decreases total life expectancy, but does not change life 

expectancy with disability. 

Figure 2 illustrates the differences in hazard ratios by BMI between both sexes, disability and 

mortality that generated the increased life expectancies with ADL disability. The shape of 

mortality and disability by BMI is remarkably different, disability being far more BMI 

dependent than mortality. Among men, mortality shows a broad U-shape with increasing 
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BMI, increasing at the extremes only, while disability shows a sharp V-shape. A BMI with 

lower disability risks would be between 22 and 28. Among women, mortality increases earlier 

(at around BMI 33) and higher, while a BMI with lower disability would be between 20 and 

26, two points lower than men. The BMI effect on disability was not different between 

smokers and non-smokers. Among individuals reporting poor or fair health, BMI had little 

effect on disability and mortality, among individuals reporting good or excellent health, the 

correlation was higher. 

Figure 2 Mortality and disability hazard ratios for males and females, reference is BMI=23. 

Lines are discrete splines weighted by personyears (lambda=10 4 and d=2). 
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Discussion 

The multistate life table can combine risk- and age-specific incidence and mortality rates into 

a single outcome, which is the sojourn time in the state reached after incidence e.g. years 

lived with ADL disability. This allows one to assess changes in the duration of disability, and 

hence care needs. As in many other more recent cohorts (Al Snih et al. 2007; Flegal et al. 
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2005; Reynolds et al. 2005), obesity in the white HRS population, men and women of 55 and 

older, did not shorten total life expectancy at levels of BMI under 35. But high BMI traded 

life years free from disability for life years with disability. Mild obesity shortened life free 

from ADL disability with 2.7 years (men) and 3.6 years (women), but increased the duration 

of ADL disability with 2.0 years (men) and 3.2 years (women). For females, even overweight 

increases disabled life expectancy by 2.1 years and shortens life free from ADL disability by 

1.5 years.  

The HRS results disagreed with earlier multistate life tables analyses, with disability and 

mortality taken from the long standing Framingham Heart Study cohort (Peeters et al. 2003a; 

Peeters et al. 2004). Peeters et al (2004) found no significant difference between life 

expectancy with disability of obese, overweight and normal weight individuals in this much 

older cohort (followed since 1948). The likely reason is the high cardiovascular mortality in 

the Framingham Heart Study cohort, a cohort that lived through unrestrained high 

cardiovascular mortality in the 1960s and 1970s. Indeed, obesity decreased life expectancy 

with 6 years. Lowered cardiovascular mortality, partly by successful risk management 

changed life expectancy tremendously in more recent cohorts (CDC 1999; Dale et al. 2008; 

Gregg et al. 2005). EPESE (Established Populations for Epidemiologic Studies of the 

Elderly) and the same HRS study documented loss of ADL disability free life expectancy 

among the obese (Al Snih et al. 2007; Reynolds et al. 2005). The older HRS analysis had the 

disadvantage of a shorter follow-up with few transitions, limiting the potential for a more 

refined analysis (Reynolds et al. 2005). The EPESE study described people of 65 and older 

(Al Snih et al. 2007), where we started at age 55.  

The study of Dierh et al also studied population of 65 and older and documented largely the 

same findings, showing worse outcomes among the underweight but not the overweight and 

obese (Diehr et al. 2008). The sample was smaller, older, and more selected for health. The 

study started with an entire population of on average 75 years old. Life expectancy was 

higher (respectively 22 and 18 years among women and men at age 65) and life expectancy 

with ADL disability was shorter (respectively 5 and 3 years among women and men at age 

65). Obese people did live longer with ADL disabilities, but fewer transitions in a smaller 

sample lacked statistical power to demonstrate these differences. 
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Obesity is associated with several potential disabling, but non-fatal conditions, such as 

osteoarthritis of the weight-bearing joints and chronic back pain (Must 1999; Naumann 

Murtagh 2004). Muscle strength declines with increasing adiposity (Al Snih et al. 2007). The 

male/female differences are striking. Men and women report disability accurately, women's 

higher incidence of disability is likely true (Merrill et al. 1997). In the HRS, being female was 

independently associated with decreased strength and mobility, and the positive association 

of BMI with mobility difficulty was significantly worse for women than for men (Wray and 

Blaum 2001). This positive association may be explained by the higher prevalence of 

osteoarthritis, lower back pain and smaller muscle mass among women than for men, non-

fatal conditions which are worsened by obesity (Lean, Han and Seidell 1998).  

We used self-reported BMI, which tend to be underreported by 1 BMI point (Nawaz et al. 

2001; Visscher et al. 2006). Systematic underreporting of higher BMI underestimates the 

absolute prevalences of overweight and obesity, and overestimates the true relative risks at 

higher BMI (the estimated risks for a population with an apparent BMI of 30 to 35 hold for 

a true BMI of 31 to 36). For comparative studies, the limited bias is acceptable (McAdams, 

van Dam and Hu 2007). 

BMI is but a fair measure of adiposity and it does not reflect fat distribution (Visscher et al. 

2001; Visscher et al. 2006). However, it is easy to measure and widely used in health policy. 

Like many other studies we used the BMI reported at entry into the survey (Al Snih et al. 

2007; Reynolds et al. 2005). The follow up of the HRS survey is too short to assess the effect 

of duration and change by age and cohort, which might be important (Peeters et al. 2003b). 

Self-reported limitations on ADL compared to medical evaluation of activity performance 

have shown good correlations (r=0.88) (Hubert et al. 2002). Multistate life tables need a 

sufficient number of transitions between states in small age bands to allow for statistically 

meaningful calculations. Therefore, we had to limit the ADL states to one only, describing 

the inability to perform one basic ADL. Changing our definition of ADL disability to two 

basic ADL did not result in relative changes in the effect of obesity on disability.  

Previously, Barendregt et al. and Nusselder et al. showed that smoking ‘compressed’ 

morbidity and health-care costs by ‘expanding’ mortality (Barendregt et al. 1997; Mamun et 

al. 2004; Nusselder et al. 2000). Comparable to these previous analyses, we found that 
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smoking shortened both disability free life and life with disability, the latter with 1.3 to 1.4 

year. Education then showed a third scenario of compression or expansion of morbidity. 

Higher levels of education were correlated to higher life expectancy free of disability, but did 

not extend duration of disability.  

The primary aim of this paper is observational and descriptive. We did not try to disentangle 

the intimate relationships of physical activity and obesity. Physical activity is not a 

confounder, being causally related to obesity. The limited data available on physical activity 

did not support a thorough analysis of physical activity as a cause of disability. Fatal or 

debilitating disease causing weight loss instead of the reverse, can never be fully excluded in 

observational studies. We assessed potential reverse causation by various sensitivity analyses 

concerning weight loss during observation and self-reported health at baseline. We 

recalculated the proportional hazards excluding individuals who lost 10% or more during 

follow-up or excluding those who reported poor health at baseline. None of these altered the 

results materially. Longer term weight loss was associated with an increased, not a decreased 

life expectancy.  

The role of pre-existing diseases can confound the relation between BMI and mortality. 

Healthier people at baseline show lower mortality risks at lower BMI than less healthy 

people: among women, non-smokers, or those free from disease, the level of BMI related to 

lowest mortality is lower than among men, smokers or diseased (Adams et al. 2006; Calle et 

al. 1999; Kuriyama et al. 2004; Manson et al. 1995). Partly, this can be explained by the 

obesity paradox, a higher BMI extending survival among the less fit and diseased (McAuley 

et al. 2007). Partly, this can be an effect of confounding by a prudent life style. Non-smokers 

and people who watch their weight show other risk aversive behaviour, lowering mortality. 

There was no interaction between BMI, smoking and education as cause of disability. In the 

HRS population reporting poor or fair health (20% of population), BMI ceased to predict 

disability or mortality. For the population reporting good or excellent health at baseline, the 

correlation between increasing BMI and disability was stronger.  

The obesity epidemic may be both exaggerated and underestimated (Basham and Luik 2008; 

Jeffery and Sherwood 2008). The burden of spoiled years by obesity is now more important 

than the burden of lost years. Overweight and mild obesity ceased to be fatal, but a 
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paradoxical consequence of lowered mortality is increased disability and care dependence. 

This holds particularly among women for whom increased disability goes hand in hand with 

increased survival, both sharply increasing the numbers of years lived with disability. Care 

needs increase even more, as heavy people with disabilities are more difficult to handle. 

Fewer smokers and more quitters are another paradoxical source of future disability, adding 

life years with care dependence. The combination of ageing and increasing population BMI 

will increase long term care needs severely. Less smoking will increase care dependence, too, 

but expands life free from disability even more and extends the healthy life of potential care 

givers. Happily, higher levels of education deliver truly a win-win situation: high levels of 

education extend healthy life and compress disabled life as a share of total lifespan.  

In the recent past, technological innovation has decreased cardiovascular mortality and 

extended the lives of many overweight and obese people. This is obviously a great success. 

The failure of success is that the extended survival is increasing care dependence. ADL 

disability is relatively easy to measure and to interpret: extending disability free life may be a 

new worthy target. The mortality consequences of the obesity epidemic have been 

exaggerated, but the consequences for long term care needs are severely underestimated.  
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4. Higher education compresses cognitive impairment at old age 

Abstract  

Improved health may extend or shorten the duration of cognitive impairment by postponing 

incidence or death. We assessed the duration of cognitive impairment by BMI, smoking and 

levels of education in both genders and three races of the U.S. Multistate life tables estimate 

the duration of cognitive impairment in the Health and Retirement Study (HRS), 1992-2004. 

At age 55, non-Hispanic blacks and Hispanics lived 3.2 to 5.8 years longer with cognitive 

impairment than whites. BMI made no difference. Smoking and high education compress 

the duration of cognitive impairment. Longer lives extend the duration of dementia, except 

for higher levels of education that extend life in good cognitive health while compressing the 

period of cognitive impairment. The increased duration of cognitive impairment among 

Blacks and Hispanics need further study. 

Introduction 

Cognitive impairment is a major cause of disability and care dependence in ageing societies. 

The age specific prevalence of dementia doubles every five years, from approximately 1.5% 

in persons aged 60-69  to 40% among nonagenarians (Qiu, De Ronchi and Fratiglioni 2007). 

In the absence of effective interventions, numbers of people with dementia will increase as a 

simple consequence of an increase in the size of the elderly population (Ferri et al. 2005).  

Old age and genetic susceptibility are firmly determined as causes of dementia. In European 

population, incidence rates of dementia among women are higher, often attributed to 

mortality selection among men (Zhu et al. 2000). Current evidence supports an important 

role for vascular risk factors in the clinical manifestation of cognitive decline (Qiu et al. 

2007). Diabetes, heart disease, cerebrovascular disease and peripheral arterial disease all have 

been linked to increases in dementia (Biessels et al. 2006; Hofman et al. 2006). Blood 

pressure is correlated to dementia, but the relation is more complex and depends on the life 

course (Qiu, Winblad and Fratiglioni 2005). In mid life, high blood pressure plays a causal 

role, in late life, low blood pressure is related to dementia, maybe as a sign of impending 

disease, may be as a consequence of hypoperfusion of the brain (Ruitenberg et al. 2005). 
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Obesity shows the same life course dependency. A higher BMI in mid life has been related 

to an increased risk of dementia, mediated by vascular risk (Gustafson 2006). Later in life, an 

accelerated decline of BMI predicts Alzheimer’s disease. 

There is sufficient evidence that psychosocial factors such as educational attainment, social 

network and mentally stimulating activities protect against dementia (Qiu et al. 2007). Brain 

reserve is the overarching hypothesis (Fratiglioni and Wang 2007). The brain reserve 

hypothesis posits that a higher cognitive reserve leads to a more plastic and adaptable brain, 

supporting more neuropathological lesions and vascular damage before expressing clinical 

dementia. Once clinical signs of the dementia syndrome appears, the disease is more 

advanced and the more highly-educated progress more rapidly to death.  In that process, 

educational attainment may play several roles: educational attainment is a surrogate of 

intelligence, an indicator of early life circumstances, and is related to socioeconomic status 

(Deary 2008). 

Previous papers showed a decreased prevalence of cognitive decline in the Health and 

Retirement Study (HRS) (Langa et al. 2008). Rising levels of education among older adults 

during the past 15 years in the U.S. might have influenced prevalence and outcomes of 

dementia. In the same HRS study, we estimate the incidence and duration of cognitive 

impairment defined by the Telephone Interview Cognitive Screen (TICS) or proxy-

interviews, dependent on the risk factors BMI, smoking and education. 

Methods 

Data and study population 

We used the RAND version F of the Health and Retirement Study (HRS) data file 

containing the HRS and the Asset and Health Dynamics Among the Oldest Old (AHEAD) 

which began in 1992 and 1993, respectively, and were merged in 1998. The Children of the 

Depression cohort and War Baby cohort were included. From now on we will refer to the 

total survey as HRS. The HRS survey includes a nationally representative sample of initially 

non-institutionalized individuals, and spouses, who were re-interviewed biannually, with 

oversampling of minority ethnic groups. We used data from 7 waves from 1992 to 2004. 
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Response was on average 86%. Data on vital status and month and year of death are 

obtained through the mortality register (the National Death Index) and exit interviews. 

Outcomes 

Cognitive impairment (CI) in the AHEAD93 and HRS98 was measured by a modified 

version of the TICS (The Telephone Interview Cognitive Screen) instrument, a telephone 

interview adapted from the MMSE (mini mental state examination) (Brandt et al. 1988; 

Folstein et al. 1983). There were six tasks yielding a maximum of 35 points, with higher 

scores implying better functioning. The tasks included immediate and delayed recall test; a 

serial seven subtraction test; a counting backwards test; an object naming test and recall of 

date, the president and the vice-president. For those who refused an entire task, we assigned 

those who refused the immediate recall task a score of 2 out of 10, and those who refused 

the serial 7s a score of 1 out of 5 (Herzog and Wallace 1997). For the other questions 

assessing cognitive impairment we assigned 0 points for refusal. As suggested elsewhere 

(Herzog and Wallace 1997) we adopted a cut-off of 8 out of 35 to identify the population 

with severe cognitive impairment. We explored the sensitivity of cut off points 7 and 9, 

which did not result in meaningful changes (data not shown). Recovery is defined as scoring 

10 points or more after having been identified as cognitively impaired.  

When a proxy represented the respondent (about 10% of the sample in each wave), he was 

asked: ‘How would you rate the respondent’s memory at the present time?’ and ‘How would 

you rate the respondent in making judgments and decisions?’ Respondents whose memory 

and judgment were assessed as poor were considered to be cognitively impaired. Our 

definitions and cut points were based on prior studies using HRS data (Langa et al. 2008; 

Suthers, Kim and Crimmins 2003).  

Exposure measures 

Exposures assessed are BMI, smoking and levels of education. We studied differences by sex 

and race/ethnicity categorized as non-Hispanic white, non-Hispanic black and Hispanic. 

Self-reported weight and height at the first report defines BMI (kg/m2), classified as low 

normal weight (18.5-22.9), high normal weight (23-24.9), overweight (25-29.9), mildly obese 

(30-34.9) and severely obese (35+). Weight loss at older ages may be a sign of impending 

disease. To avoid reverse causation, we excluded persons with a BMI less than 18.5. 



 67 

Smoking status is included as ‘never smoked’, ‘stopped smoking’ and ‘currently smoking’ 

based on the first reported information on smoking status. We distinguish three groups of 

educational attainment: Less than high school or General Educational Development (GED), 

High school graduate and some college, and College graduate and above. We did not include 

self reported hypertension or alcohol use (see discussion).  

Analysis 

We estimated a Cox proportional hazard model for proportional hazard ratios for the 

studied determinants, including sampling weights to account for the oversampling of 

minority ethnic groups. We use age as the time scale for the baseline hazard because we are 

interested in age at onset of cognitive impairment and years with impairment. In Cox 

models, age is used less frequently than time since diagnosis or time-on-study. The choice of 

time scale depends on the research question and the methodological considerations 

(Thiebaut and Benichou 2004). The use of age as the time scale is also consistent with the 

life table structure. The implication of using age instead of another time measure in the Cox 

proportional hazard model is that the effects of the studied determinants do not vary with 

age. We used Schoenfeld residuals test to verify proportionality over age. Because the effect 

of the risk factors was not proportional for the transitions healthy to death or cognitive 

impairment, we ran the Cox analysis separately for ages 55 to 75 and ages 75+ We defined 

multistate life tables by the estimated transition rates to cognitive impairment, recovery and 

death. For cognitive impairment we assume transitions halfway between two waves. We 

estimated the hazard rates of transitions to death and cognitive impairment by age for each 

determinant of interest and for males and females and smoothed these by Poisson 

regression. The life table model is thus piece-wise constant, with rates increasing 

exponentially with age.(Qiu et al. 2007) The main outcome is duration at age x in the life 

table cohort: total residual life expectancy, life expectancy with and life expectancy without 

cognitive impairment. Because of large heterogeneity between ethnic groups and gender, we 

stratified the life tables by race and sex. Life expectancies by risk factor are only shown for 

the white population, as the sample of individuals of ethnic minorities by risk factor was too 

small. Confidence intervals for the multistate life table outcomes were calculated using 

bootstrapping with 250 replicates.  
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Results 

From the HRS sample (N=30,207), we selected individuals who participated at least 2 waves 

(N=24,586), reported information on BMI, smoking and education (23,817), and had a 

BMI>18.5 (23,408) and were aged 55 or over, resulting in a sample of 22,388: 9,834 males 

and 12,554 females. Table 1 shows the characteristics of the study population.  

Table 1: Distribution of sample characteristics at entry into the survey.  

    Males Females 
Total number of individuals 9834 100% 12554 100% 
Total personyears  78180   98674   
Incidence of cognitive impairment 861   1332   
Mortality (all causes)   2446   2409   
Race/ethnicity White 7763 79% 9579 76% 
  Black 1309 13% 1985 16% 
  Hispanic 762 8% 990 8% 
Education Low education 3409 35% 4258 34% 
  Medium education 4446 45% 6682 53% 
  High education 1979 20% 1614 13% 
Smoking Never smoked 2568 26% 6592 53% 
  Stopped smoking 5036 51% 3731 30% 
  Currently smoking 2230 23% 2231 18% 
BMI BMI 18.5-23 1287 13% 3075 24% 
  BMI 23-25 1800 18% 2189 17% 
  BMI 25-30 4804 49% 4357 35% 
  BMI 30-35 1516 15% 1975 16% 
  BMI 35+ 427 4% 958 8% 
Age at Entry [55,65] 6045 61% 7013 56% 
  (65,75] 2424 25% 3206 26% 
  (75,85] 1143 12% 1849 15% 
  (85,95] 216 2% 459 4% 
  (95,105] 6 0% 27 0% 

 

Incidence and recovery 

The onset of cognitive impairment during observation was experienced by 861 men and 

1,332 women, of which 39% and 35% reported by proxy. A total of 557 individuals 

experienced recovery, 28% and 23% for males and females respectively. We ignored 

recovery in relapse/recovery/relapse episodes as these were rare (N=26).  
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Table 2: Cox proportional hazard ratios by risk factor status (95% confidence intervals), 

adjusted for each other. Significant ratios are printed in bold. 

  Males Females 
  55-74 75+ 55-74 75+ 
Healthy to death                         
White   1.00     1.00     1.00    1.00   
Black 1.30 [1.09: 1.55] 1.16 [0.93: 1.44] 1.35 [1.10: 1.65] 1.23 [1.00: 1.52] 
Hispanic 0.77 [0.53: 1.11] 0.90 [0.59: 1.38] 0.99 [0.66: 1.48] 1.03 [0.63: 1.66] 
BMI 18.5-22.9 1.39 [1.16: 1.67] 1.27 [1.07: 1.51] 0.83 [0.67: 1.02] 1.04 [0.88: 1.22] 
BMI 23-24.9   1.00     1.00     1.00    1.00   
BMI 25-29.9 0.89 [0.76: 1.03] 0.87 [0.75: 1.01] 0.90 [0.75: 1.09] 0.91 [0.77: 1.07] 
BMI 30-34.9 1.14 [0.95: 1.37] 1.01 [0.81: 1.25] 0.98 [0.77: 1.23] 0.93 [0.76: 1.15] 
BMI 35+ 1.45 [1.09: 1.91] 1.23 [0.83: 1.83] 1.55 [1.21: 1.99] 1.22 [0.89: 1.66] 
Never smoked   1.00     1.00     1.00    1.00   
Stopped smoking 1.42 [1.21: 1.66] 1.25 [1.08: 1.44] 1.37 [1.17: 1.60] 1.21 [1.06: 1.37] 
Currently smoking 2.67 [2.25: 3.17] 1.67 [1.37: 2.03] 2.57 [2.18: 3.03] 1.85 [1.52: 2.24] 
Low education   1.00     1.00     1.00    1.00   
Medium education 0.93 [0.82: 1.05] 0.91 [0.80: 1.03] 0.70 [0.61: 0.81] 0.83 [0.74: 0.94] 
High education 0.62 [0.52: 0.73] 0.65 [0.54: 0.78] 0.47 [0.36: 0.61] 0.85 [0.69: 1.04] 
Healthy to CI                         
White   1.00     1.00     1.00    1.00   
Black 2.96 [2.27: 3.86] 1.83 [1.23: 2.71] 2.92 [2.22: 3.84] 2.06 [1.55: 2.72] 
Hispanic 1.85 [1.09: 3.12] 1.76 [0.88: 3.50] 2.11 [1.32: 3.36] 1.50 [0.75: 2.99] 
BMI 18.5-22.9 1.63 [1.07: 2.51] 1.00 [0.70: 1.44] 1.13 [0.72: 1.77] 1.11 [0.84: 1.47] 
BMI 23-24.9   1.00     1.00     1.00    1.00   
BMI 25-29.9 1.10 [0.77: 1.58] 0.70 [0.51: 0.95] 1.34 [0.90: 1.99] 0.93 [0.71: 1.23] 
BMI 30-34.9 1.27 [0.84: 1.92] 0.65 [0.40: 1.07] 1.36 [0.88: 2.10] 0.89 [0.63: 1.26] 
BMI 35+ 1.71 [1.00: 2.92] 0.66 [0.24: 1.82] 1.41 [0.87: 2.28] 0.89 [0.50: 1.58] 
Never smoked   1.00     1.00     1.00    1.00   
Stopped smoking 0.69 [0.52: 0.92] 1.02 [0.76: 1.37] 1.45 [1.10: 1.90] 0.86 [0.69: 1.07] 
Currently smoking 0.93 [0.69: 1.26] 0.88 [0.55: 1.39] 1.26 [0.93: 1.70] 0.63 [0.39: 1.01] 
Low education   1.00     1.00     1.00    1.00   
Medium education 0.50 [0.39: 0.64] 0.53 [0.40: 0.70] 0.36 [0.28: 0.46] 0.65 [0.53: 0.79] 
High education 0.14 [0.09: 0.24] 0.42 [0.28: 0.63] 0.25 [0.15: 0.40] 0.49 [0.33: 0.73] 
CI to death                         
White   1.00     1.00     1.00    1.00   
Black 0.72 [0.37: 1.40] 0.74 [0.49: 1.12] 1.37 [0.73: 2.57] 0.80 [0.55: 1.15] 
Hispanic 0.90 [0.32: 2.56] 0.42 [0.16: 1.14] 0.91 [0.22: 3.72] 0.76 [0.35: 1.65] 
BMI 18.5-22.9 1.56 [0.66: 3.67] 0.99 [0.65: 1.52] 0.97 [0.42: 2.21] 1.25 [0.86: 1.81] 
BMI 23-24.9   1.00     1.00     1.00    1.00   
BMI 25-29.9 0.82 [0.36: 1.83] 0.79 [0.53: 1.17] 0.62 [0.27: 1.41] 0.95 [0.63: 1.43] 
BMI 30-34.9 1.89 [0.71: 5.01] 0.94 [0.50: 1.79] 0.60 [0.24: 1.51] 1.24 [0.76: 2.01] 
BMI 35+ 3.33 [1.22: 9.07] 1.26 [0.50: 3.17] 0.48 [0.14: 1.60] 1.60 [0.73: 3.51] 
Never smoked   1.00     1.00     1.00    1.00   
Stopped smoking 1.23 [0.60: 2.53] 1.06 [0.74: 1.53] 1.14 [0.59: 2.19] 1.16 [0.84: 1.60] 
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Currently smoking 2.04 [1.01: 4.10] 1.28 [0.76: 2.17] 1.10 [0.55: 2.18] 1.38 [0.76: 2.51] 
Low education   1.00     1.00     1.00    1.00   
Medium education 1.17 [0.62: 2.21] 1.22 [0.85: 1.75] 3.36 [1.83: 6.17] 1.44 [1.08: 1.92] 
High education 2.08 [0.84: 5.17] 1.29 [0.68: 2.43] 1.33 [0.40: 4.45] 1.40 [0.77: 2.56] 

 

Proportional hazard analysis 

Table 2 shows the proportional hazard ratios for transitions to death and to cognitive 

impairment by race, BMI, smoking status and levels of education. The effects of risk factors 

on recovery from cognitive impairment to healthy were not significant (data not shown). 

The risk to cognitive impairment is about twice as high for blacks and Hispanics as for 

whites (not significant for Hispanics aged 75+). BMI has little effect on the incidence of 

cognitive impairment or on survival of the impaired. A BMI over 35 increases the risk of 

cognitive impairment for males, maybe due to an increased risk of vascular dementia in the 

severely obese. This effect disappears when we control for interaction effects with race, 

smoking and education. The evidence for an effect of smoking is mixed and also disappears 

after including interaction effects (data not shown). Higher education postpones incidence of 

cognitive decline in both males and females. The mortality risks of higher educated 

individuals, once cognitively impaired, tend to be higher compared to the lower educated, 

although this is only significant for medium-educated females. The protective effect of 

higher education against cognitive impairment is much stronger between ages 55 and 75 than 

at 75 and over. High education is even more protective for blacks than for whites: relative 

risks to cognitive impairment for black men and women are 0.09 [0.01:1.48] and 0.10 

[0.01:0.73] compared to 0.28 [0.16:0.48] and 0.25 [0.11:0.58] for whites. 

Life expectancy with cognitive impairment 

Translating age, sex and risk factor-specific transition rates into life expectancies at age 55 

defines the stratified life expectancy with and without cognitive impairment for each risk 

group. The life expectancy of the U.S. population in 2003 was 24.6 and 28.1 for white men 

and women and 21.2 and 25.9 for black men and women at age 55 (Centers for Disease 

Control and Prevention and National Center for Health Statistics 2006). The life expectancy 

of our study population, slightly selected for good health (there are no persons in institutions 

at entry and low BMI was excluded), was respectively 25.4 and 30.0 years for whites and 22.9 

and 26.5 for blacks. In the white non-Hispanic population, 55 year old males and females 
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spend respectively 1.7 [1.5:1.9] years and 2.7 [2.4:2.9] years with cognitive impairment. 

Average lifespan with cognitive impairment differs remarkably between the ethnic groups. 

Both male and female blacks live on average 3.7 [2.9:4.5] years longer with cognitive 

impairment than whites. Hispanic men and women live 3.2 [1.9:4.6] and 5.8 [4.2:7.5] years 

more with cognitive impairment compared to white non-Hispanic men and women. The 

number of years lived with cognitive impairment varies among risk factors, as shown for the 

white non-Hispanic population in Table 3. 

Table 3: Life years to live at age 55 with cognitive impairment (CI), by risk factor for non-

Hispanic whites. In brackets 95% confidence limits.  

  Total life expectancy Life years with CI Life years without CI 
Males                  
BMI 18.5-22.9 22.95 [21.82: 24.07] 1.82 [1.35: 2.28] 21.13 [20.10: 22.16] 
BMI 23-24.9 25.55 [24.68: 26.43] 1.59 [1.25: 1.92] 23.97 [23.07: 24.87] 
BMI 25-29.9 26.54 [25.90: 27.18] 1.73 [1.43: 2.03] 24.81 [24.19: 25.42] 
BMI 30-34.9 24.93 [23.84: 26.03] 1.71 [1.01: 2.41] 23.22 [22.18: 24.27] 
BMI 35+ 23.02 [20.75: 25.29] 1.63 [0.06: 3.20] 21.39 [19.58: 23.21] 
Never smoked 29.12 [28.23: 30.02] 2.25 [1.81: 2.70] 26.87 [26.02: 27.72] 
Stopped smoking 26.16 [25.62: 26.70] 1.54 [1.35: 1.73] 24.62 [24.09: 25.16] 
Currently smoking 20.34 [19.48: 21.21] 1.52 [1.09: 1.95] 18.82 [18.04: 19.60] 
Low education 23.60 [22.84: 24.36] 2.65 [2.20: 3.11] 20.95 [20.22: 21.67] 
Medium education 25.16 [24.58: 25.75] 1.32 [1.05: 1.59] 23.84 [23.27: 24.42] 
High education 28.85 [27.90: 29.81] 1.05 [0.73: 1.36] 27.80 [26.88: 28.72] 
Total males 25.44 [25.02: 25.86] 1.69 [1.50: 1.89] 23.75 [23.34: 24.15] 
Females                  
BMI 18.5-22.9 30.22 [29.49: 30.95] 2.82 [2.13: 3.51] 27.40 [26.71: 28.09] 
BMI 23-24.9 30.12 [29.32: 30.92] 2.45 [2.01: 2.88] 27.68 [26.86: 28.49] 
BMI 25-29.9 30.70 [29.93: 31.47] 2.82 [2.36: 3.28] 27.88 [27.20: 28.56] 
BMI 30-34.9 29.87 [28.80: 30.94] 2.58 [1.93: 3.23] 27.29 [26.25: 28.33] 
BMI 35+ 25.90 [24.12: 27.69] 2.21 [1.30: 3.13] 23.69 [22.08: 25.30] 
Never smoked 31.89 [31.37: 32.42] 3.00 [2.72: 3.29] 28.89 [28.43: 29.34] 
Stopped smoking 29.61 [28.96: 30.26] 2.16 [1.85: 2.46] 27.46 [26.77: 28.14] 
Currently smoking 24.90 [23.96: 25.84] 1.85 [1.34: 2.35] 23.06 [22.13: 23.98] 
Low education 28.01 [27.19: 28.83] 3.78 [3.28: 4.29] 24.23 [23.48: 24.97] 
Medium education 30.60 [30.06: 31.15] 2.24 [2.00: 2.48] 28.36 [27.87: 28.86] 
High education 31.88 [30.88: 32.89] 1.89 [1.36: 2.42] 29.99 [29.09: 30.90] 
Total females 30.01 [29.61: 30.42] 2.66 [2.44: 2.88] 27.35 [26.97: 27.74] 

 

BMI does not change duration of life with cognitive impairment. Smoking shortens the 

duration of cognitive impairment. Ever and current smokers live significantly shorter with 
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cognitive impairment than never smokers: -0.7 years [-1.2:-0.3] for men and -0.9 [-1.3:-0.5] 

for women. The high mortality of smoking compresses both morbidity and a healthy life 

(Barendregt et al. 1997; Mamun et al. 2004; Reuser, Bonneux and Willekens 2009). A high 

education effectively and seriously compresses cognitive impairment. Highly educated men 

live 1.1 [0.7:1.4] years with cognitive impairment, which is 1.6 [1.1:2.2] years shorter than 

lowly educated men. Highly educated women, live 1.9 [1.4:2.4] years with cognitive 

impairment, which is 1.9 [1.6:2.6] years shorter than lowly educated women. For black men 

and women, low education doubles the number of years with cognitive impairment from 

3.2[2.1:4.4] and 4.0[3.0:5.1] for medium or high education to 6.8[5.6:7.9] and 8.2[7.1:9.3] for 

lowly educated subjects. 

Figure 1: Gains and losses in years lived with cognitive impairment (CI) by characteristics. 

BMI, smoking and education show the effects for non-Hispanic whites. Errors bars are 95% 

confidence intervals. 
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Factors that extend lifespan to older ages, such as being a woman or a non-smoker, increase 

the duration of cognitive impairment. Only higher levels of education increase life in good 
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cognitive health while decreasing the duration of cognitive impairment. Ironically, lifespan 

with cognitive impairment is most compressed in the highly educated smokers. Figure 1 

shows the gains and losses in years lived with cognitive impairment first by race and then by 

risk factors for non-Hispanic whites, illustrating the distinctive effect of smoking and 

education. Smoking shortens life with and without cognitive impairment. Higher education 

extends life in cognitive health and compresses cognitive impairment to a short period at the 

end of life. 

Lifetime probability and percentage of CI 

A measure of interest both for individuals and public health is the lifetime probability of ever 

developing cognitive impairment. A high probability is often the prize paid for a long life. In 

the HRS life table cohort of white individuals at age 55, more than one in three women 

(36% [0.34%:0.38%]) will experience cognitive impairment compared to close to one in four 

men (23 % [0.21%:0.24%]). As blacks and Hispanics face higher risks to cognitive 

impairment at all ages, this lifetime probability raises to very high levels. Black men and 

women run a risk of respectively 44% [39%:48%] and 53%[49%:57%] to ever become 

cognitively impaired and Hispanics 46%[39%:54%] and 61%[54%:68] respectively. BMI has 

little effect on the lifetime probability of cognitive impairment. Smoking, by shortening life, 

considerably lowers the probability of cognitive impairment at age 55: 28% [23%:0.32%] and 

41% [38%:43%] for never smoking white men and women, 18% [15%:22%] and 22% 

[17%:27%] for male and female white smokers. High education, however, increases life 

expectancy but decreases the probability of cognitive impairment. The lifetime probability of 

cognitive impairment is lower in the higher educated men and women (for whites 

respectively 20% [13%:27%] and 29% [22%:36%]) compared to less educated individuals 

(30% [26%:33%] for men and 39% [36%:43%] for women). When expressed as relative 

percentages of total life expectancy, a long life still means a relatively long duration of 

cognitive impairment. White men live on average 6.7% [5.9%:7.4%]of their life after age 55 

with cognitive impairment; white women 8.9% [8.2%:9.6%]. Black men and women can 

expect to live 23.7% [20.3%:27.1%] and 24.1% [21.6%:26.5%] of their life over age 55 with 

cognitive impairment, Hispanic men 18.3% [13.9%:22.6%] and Hispanic women 26.6% 

[22.4%:30.8%]. Again education has a significant impact on this share, ranging from 11.2% 

[9.4%:13.1%] to 3.6% [2.6%:4.7%] for respectively lowly and highly educated white men and 
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from 13.5% [11.8%:15.2%] to 5.9% [4.2%:7.7%] for lowly and highly educated white 

women. 

Discussion 

The life table cohort of Americans aged 55 and over from the HRS study shows that being 

white, being male, smoking and higher education compress the absolute duration with 

cognitive impairment. Blacks and Hispanics have shorter life expectancies and still live more 

life years with cognitive impairment. Our findings of increased incidence and duration of 

cognitive disability are consistent with other epidemiologic studies describing higher 

prevalence and incidence of dementia in racial and ethnic minorities (Bachman et al. 2003; 

Gurland et al. 1999; Tang et al. 2001), while disagreeing with others (Fillenbaum et al. 1998; 

Fitzpatrick et al. 2004). These results are to be interpreted with caution, however, as the HRS 

has not been designed to measure dementia epidemiology. We identified several reasons as 

to why the observed occurrence of dementia may appear higher in ethnic minorities than in 

whites in the HRS. Culturally and educationally sensitive diagnostic ascertainment methods 

lead to very different estimates of dementia prevalence in low and middle income countries 

(Llibre Rodriguez et al. 2008). In less educated minority populations, the MMSE (source of 

the TICS used in the HRS) was less specific, yielding lower scores (Fitzpatrick et al. 2004; Ng 

et al. 2007). Differences in learned test-taking strategies, comfort with testing staff, and 

cultural relevance of test items can explain some of the racial differences in baseline test 

scores (Karlamangla et al. 2009). Differences in levels of education may not fully be 

accounted for by actual stratification in three classes (Fitzpatrick et al. 2004; Gurland et al. 

1999). A final explanation is that prevalence of uncontrolled hypertension and diabetes and 

hence risk of vascular dementia is higher in African Americans, even after controlling for 

BMI and other risk factors (Kramer et al. 2004; Maskarinec et al. 2009; Natarajan et al. 2009; 

Tang et al. 2001). In brief, while an ethnic component can not be excluded, part of these 

higher rates may be explained by uncontrolled high blood pressure and diabetes and part is 

spurious, explained by residual confounding by levels of education and the culturally less 

specific TICS. 

Women live more years with cognitive impairment than men, simply because they live 

longer. The same holds for never-smokers compared to smokers or former smokers. High 
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education increased total lifespan, but increased lifespan free of cognitive decline even more, 

shortening life with cognitive impairment. Our findings on the effect of education are in line 

with the cognitive reserve hypothesis as described before (Fratiglioni and Wang 2007; Stern 

2006; Stern et al. 1995). A higher education is related to both a decreased risk of cognitive 

decline and an increased risk of mortality once cognitively impaired. Brain reserve is 

accumulated and preserved by mentally stimulating exercise throughout life, with education 

as most important factor. Brains with larger reserves can sustain and adapt to more damage 

before reaching the critical threshold of clinical disease. A higher level of neuropathological 

damage means a more advanced stage of brain disease, resulting in an increased dementia 

related mortality risk (Witthaus et al. 1999). The protective effect of high education among 

African Americans was stronger.  

We found little effect of BMI on the incidence of cognitive impairment. However, weight 

loss induced by imminent disease mask effects of increased BMI over the life span, a 

suspected cause of dementia (Gorospe and Dave 2007; Kivipelto et al. 2005; Qiu et al. 2007). 

The disentanglement of the intimate relationships of BMI, weigh loss and cognitive 

impairment is beyond the scope of this study.  

Consistent with a meta-analysis of prospective studies of smoking as risk factor for cognitive 

impairment (Anstey et al. 2007), we found an increased risk of cognitive impairment for 

smokers compared to never smokers. But this is largely offset by the high mortality of 

smokers, shortening life expectancy with cognitive impairment.  

The expected lifespan with and without cognitive impairment is higher than the results of 

the 1980 cohort of the Kaiser Permanente Medical Care Program of North California 

(Sauvaget et al. 1999) and AHEAD 1993 (Suthers et al. 2003). The differences are mainly 

due to higher mortality in those studies, which can be explained by the older period and the 

inclusion of underweight individuals in their sample. The study of Suthers et al. uses cross-

sectional estimates of prevalence of cognitive impairment (Sullivan’s method) representing 

information of lifetime cognitive impairment rather than recent onset of impairment as 

measured with incidence rates in the multistate life table approach. 
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The HRS survey is a comprehensive social study, not a specific epidemiological study that 

provides a clinical diagnosis of dementia. The definition of cognitive impairment has to be 

understood as a score of a screening tool, comparable to the MMSE, which is correlated to, 

but not identical with clinical dementia (Langa et al. 2001). A similar limitation is the 

different measure for cognitive impairment, defined by self-report or proxy respondents. We 

combined these as in other studies (Suthers et al. 2003).  

A certain weakness of this study is the lack of detail of other known causal factors related to 

the onset of dementia, high blood pressure, moderate and high alcohol consumption and the 

presence of the APOE4 allele. Information on the APOE4 allele is not available in the HRS. 

We excluded alcohol use, mistrusting the results. We may be mistaken, but alcohol in the 

HRS appeared to have a very large protective effect both on dementia and on death. Even 

drinking 6 glasses or more drinking showed no detrimental effect on incidence of cognitive 

disability (data not shown). While moderate alcohol use may protect against dementia, 

mediated by vascular disease, it is not plausible that this holds for high levels of use (Anttila 

et al. 2004; Stampfer et al. 2005). We excluded blood pressure, fearing to introduce 

confounding. The incidence of dementia is related to both a higher blood pressure in mid 

life and a lower blood pressure at the end of life (Qiu et al. 2005; Ruitenberg et al. 2005). The 

period life table, stretching a limited follow up over the rest of life after age 55, confounds 

these opposite effects in a single synthetic cohort. Changes over times and age, such as 

declining cognitive impairment prevalence or changing effects of blood pressure over the life 

course can not be taken into account in this relatively simple analysis (Langa et al. 2008). The 

HRS sample includes only non-institutionalized persons at baseline, but follows these into 

nursing homes. Therefore, our sample at baseline is initially healthier than the total 

population and estimates of life years with cognitive impairment are underestimated. 

As Olshansky put it ‘Few topics in the world of science are as interesting and personal as the 

question of how much time will pass between our birth and death, and the status of our 

health along the way’ (Olshansky 2008). Cognitive impairment is a major cause of disability 

and care dependence and nearly all people fear loss of cognition and the ability for self care. 

Ageing and life extension of the baby boom cohorts will cause numbers of those suffering 

dementia to increase rapidly. The good news is that these findings from the HRS confirm 

that raising levels of education and mentally stimulating occupations compress cognitive 
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disability by postponing incidence of dementia more than death. Raising education to the 

highest level attainable is not only a millennium goal for developing countries, but for 

developed countries as well. 
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5. The effect of risk factors on individual disability trajectories 

Abstract 

We studied compression or expansion of disability by estimating the average duration of life 

with disability of a cohort exposed to certain risk factors. However, such averages are 

composed of various individual disability trajectories. This chapter studies the role of risk 

factors on individual disability trajectories that underlie compression or expansion of 

disability. 

We use microsimulation to show the diversity of individual trajectories underlying the 

disability experience at the population level. Multistate cohort models describe the dynamics 

of a synthetic cohort, estimated by empirically observed transition rates. Microsimulation 

generates a virtual population of individuals with disability trajectories starting from the same 

transition rates and which therefore are consistent with the cohort results from the cohort 

models. We verify the microsimulated lifepaths against the empirical data from the U.S. 

Health and Retirement Study (HRS).  

The results show that individual disability trajectories vary widely between men and women 

and for different risk factor groups. Women and obese individuals have the highest risk of 

ever experiencing disability. We conclude that longitudinal microsimulation is a powerful 

instrument to study the distribution of individual disability trajectories and to assess the 

effect of risk factors on the process of compression and expansion of disability at higher 

ages.  

Introduction 

The impressive gains in life expectancy in recent decades have raised the question whether 

the decline in mortality causes an expansion or a compression of the duration of disability. 

Most studies of disability estimate the expected number of years for a synthetic cohort to 

live with a certain condition. However, the resulting life expectancies represent averages of 

the experience of a cohort. There is a large variability in disability trajectories in the last year 

of life (Gill et al. 2010). Very few individuals, if any, will actually experience the exact 

duration of health or disability estimated by the cohort approach. Microsimulation offers a 
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tool to show the variety of trajectories and the distribution of lifespans with or without 

disability (Cai et al. 2010). A particularly interesting application is to demonstrate the effect 

of risk factors on disability trajectories at higher ages. Multistate life table analyses have 

shown that smoking compresses life expectancy, both in good health and with disability, 

while obesity expands years with disability. The individual disability trajectories from the 

microsimulation are consistent with multistate cohort models, but they add the distribution 

of individual life paths to the mean effects of risk factor exposure. 

According to Wolf (1986; Wolf 2001), microsimulation is essentially an exercise in sampling. 

It draws a sample for which the characteristics and dynamics are determined by a probability 

model. If the models are realistic, the virtual population closely resembles the real 

population. Transition rates are estimated based on observed, often censored or truncated 

survey data. A multistate life table summarizes the age-specific rates into a cohort biography, 

giving the average experience of the sampled individuals. Microsimulation starts from the 

same estimated transition rates, but simulates synthetic individual trajectories using Monte 

Carlo technique. The resulting biographies at the individual level can be aggregated in 

numerous ways, giving the distributions rather than only the mean (Imhoff and Post 1998). 

Microsimulation models can treat time as a discrete variable or use continuous time. Newly 

developed models and software like the package MSM in R (Jackson 2008), MicMac (Gampe 

et al. 2009) and SPACE (Cai et al. 2010) make use of microsimulation. 

This paper presents an individual biography approach to study the distribution of trajectories 

of health and disability before dying, using the U.S. Health and Retirement Study. We will 

demonstrate the consistency between the cohort multistate approach and the individual 

microsimulation approach. Additional information from microsimulation entails the 

frequency distribution of disability trajectories and the distribution of age at death and 

duration of disability. The application demonstrates how microsimulation can offer another 

perspective on analyzing the effect of risk factors on compression or expansion of disability. 

It explores the distribution of individual disability trajectories, generated by gender, obesity, 

and smoking. 
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Data 

Health and Retirement Study (HRS) 

We used data from the Health and Retirement Study (HRS) data file containing the HRS and 

the Asset and Health Dynamics Among the Oldest Old (AHEAD) which began in 1992 and 

1993, respectively, and were merged in 1998. More information is available at 

http://hrsonline.isr.umich.edu/. The HRS and AHEAD surveys include a nationally 

representative sample of initially non-institutionalized persons born between 1931-1941 

(HRS, aged 51-61 in 1992) and in 1923 or earlier (AHEAD, aged 70 and older in 1993). 

Sampled persons were re-interviewed biannually. We used data from 7 waves from 1992 to 

2004. Response was on average 86% (HRS) and 90% (AHEAD).  We selected white non-

Hispanic men and women. Data on vital status and month and year of death are obtained 

through the mortality register (the National Death Index) and exit interviews. 

Disability and risk factors 

We defined disability by the Katz basic activities of daily living (ADL): Walking, Bathing, 

Dressing, Toileting and Feeding (Katz et al. 1963). We classify as ADL disabled anyone 

answering ‘with difficulty’ to at least one of the ADL items. The definitions are in line with 

other literature using disability measures from the HRS (Reynolds et al. 2005). We will from 

now on refer to ADL or severe disability as disability, indicated in short by S, to avoid 

confusion with death (D). To illustrate the effect of risk factors on individual trajectories of 

disability, we distinguish three risk factor groups: 1) smokers, defined as those who smoke at 

entrance into the survey 2) obese, defined as those with a BMI equal to or over 30 at first 

observation in the survey 3) non-smoking normal weight, defined as those with normal 

weight (BMI between 18.5 and 25) and non-smoking at entry into observation. Self-reported 

weight and height at baseline are used to calculate BMI (kg/m2).  

Methods 

In order to calculate life expectancies in particular health states for an entire cohort, we 

construct multistate life tables, based on transition intensities to health and disability states 

and to death. Based on the same rates, individual health trajectories can be simulated. Health 

states are indicated as either 1) healthy, 2) disabled, or 3) dead. The overall outcomes are 
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consistent, but the longitudinal microsimulation gives information at a more detailed, 

individual level. Both methods rely heavily on the accuracy and fit of the transition rates. 

Figure 1: Markov model with 3 states. 

 

 

Estimation of transition rates  

We estimated the hazard rates of transitions to death and disability by age for males and 

females, including the possibility of recovering from disability, based on a Markov model as 

shown in Figure 1. Exact months of deaths are available and for transitions to disability and 

recovery we assume transitions halfway between two waves. Age-specific transition rates are 

estimated by exponential smoothing of occurrences and exposures using Poisson regression 

to reduce the variability of the rates (Mamun 2003). The assumption is that the hazards of 

death and disability increase exponentially with age, which fitted the empirical transition rates 

very well. This implies a Gompertz hazard, but we assume the rates to be constant within 

the 1-year age intervals for calculating probabilities. Hence, our model is piece-wise constant 

with rates increasing exponentially with age.  

When estimating the rates, making life tables and simulating individual biographies, we 

stopped at age 105, using the remaining life expectancy at age 105 of the average American 

male and female population regardless of their state of health. This assumption was made 

because there is no empirical data in our HRS sample above that age. Besides, exponential 
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increase of death rates at very high ages is still disputed (Horiuchi and Wilmoth 1998). As 

the number of people surviving to ages over 105 is very small, this causes negligible changes 

in life expectancy outcomes.  

Because of very low rates of relapse (becoming disabled again after recovery), these rates are 

not considered here. This implies that simulated individuals who have recovered from 

disability experience the same hazards as those who stayed healthy all along. 

Multistate life table analysis 

We built multistate cohort life tables for males and females separately based on the estimated 

age-specific transition rates. The synthetic cohort starts with 100,000 individuals in the 

healthy state. Because of the possibility of recovering from disability, we need matrix algebra 

to solve the set of linear equations (Hougaard 1999). The main outcomes of the multistate 

life tables are mean durations at age x ≥ 55; total life expectancy, life expectancy with 

disability and healthy life expectancy. Confidence intervals for the multistate life table 

outcomes were calculated using bootstrapping with 250 replicates.  

Longitudinal continuous-time microsimulation 

Longitudinal microsimulation creates individual biographies that are synthetic and fully 

determined by (1) empirical transition rates and (2) a random mechanism, known as the 

Monte Carlo technique, which identifies which individuals experience a transition during a 

given interval (Imhoff and Post 1998). Given that the longitudinal microsimulation is based 

on the same set of transition rates as in the multistate analysis, the resulting average sojourn 

times per state are very close to results from the multistate life table. The small difference 

stems from Monte Carlo variation which becomes smaller as the number of simulated 

biographies is increased.  

We use microsimulation in continuous time, allowing for multiple events to happen within 

one interval, here 1 year. Because the HRS gives information on health status only at 

interview times (about every two years), the outcome of the microsimulation will give more 

transitions than are observed in the empirical data. The waiting time distribution used here is 

the piece-wise constant exponential distribution, with intervals of 1 year.  
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The results of the microsimulations can be verified by comparing them to the empirical data. 

In order to test this we simulated the same number of individuals as in the empirical data 

(7,191 males) and for each individual simulated the segments of life observed in the data. As 

mentioned earlier, the continuous-time microsimulation can generate several events in the 

time-interval between two interviews. Hence, the number of transitions in the 

microsimulation is larger than in the empirical sample. However, when comparing 

prevalences at two specific ages, the transition probabilities between these ages are the same 

in the empirical sample data and the microsimulation. Figure 2 shows the 

survivorshipfunctions in healthy and disabled state, comparing the simulated with the 

empirical data. Note that every time a microsimulation is run, the results will change slightly. 

This test assures that the estimation of the rates and the simulation of lifepaths are well 

replicating the actual empirical data. 

Figure 2: Comparison of empirical and simulated survivors by disabled and healthy state.  

55 58 61 64 67 70 73 76 79 82 85 88 91 94 97 101 105

0e
+0

0
2e

+0
4

4e
+0

4
6e

+0
4

8e
+0

4
1e

+0
5

healthy-emp
disabled-emp
healthy-sim
disabled-sim

 



 90 

 We use the R-package MSM and the function sim.msm to create the synthetic biographies 

(Jackson 2008). Sim.msm allows for simulation individual trajectories from a continuous-

time Markov model based on the transition intensity matrix estimated from the empirical 

data. We simulate 50,000 males and females starting at age 55 in a healthy state, running 

through the single age and sex-specific transition rates up to age 105.  

Uncertainty 

Two different types of uncertainty can be distinguished in our analyses. One is sampling 

variability and the other is Monte Carlo variation. The sampling variability is captured in the 

confidence intervals obtained by bootstrapping. At every resample, the bootstrap method 

draws from the empirical data, estimates the rates and recalculates the life expectancies. 

Hence the confidence intervals from bootstrapping include the uncertainty around the 

parameter estimates. This is different for the microsimulation. The distribution that results 

from the microsimulation only represents individual randomness. Bear in mind that the 

simulation of lifespans starts from the point estimates of the transition rates without error 

margins. The standard deviations of the simulated lifespans solely represents individual 

variability. Every microsimulation run is slightly different because of Monte Carlo variation, 

but when the number of simulation heads towards infinity, this variation moves towards 

zero.  

Results 

Descriptives 

The selection of non-Hispanic white individuals aged 55 and over who participated at least 3 

years and reported BMI, smoking and ADL resulted in a sample of 16,176 individuals. The 

selection is shown in Table 1. Average follow-up is 5.8 years. Males contributed 41,920 

personyears, 1,090 events to disability and 1,603 deaths. The females in the sample 

accounted for 52,257 personyears, 1,516 transitions to disability and also 1,603 deaths. A 

total of 4.3% of men and 5.1% of women recovered from disability while under observation.  

Multistate life table analysis: the cohort biography 

The actual life expectancy of the total unselected white American population in 2003 was 

24.6 years for men and 28.1 for women at age 55 (Centers for Disease Control and 
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Prevention and National Center for Health Statistics 2006). The comparable life expectancy 

of our study population was respectively 25.5 [25.0:26.0] and 30.5 [30.0:31.0] years (excluding 

underweight individuals). The results of the multistate analysis shows that life years with 

disability at age 55 are significantly higher for females (8.1 [7.7:8.5]) than for males (5.3 

[5.0:5.7]). Healthy and disabled life spans by risk factor groups are depicted in Figure 3. As 

expected the males and females who were non-smoking and had normal weight at baseline 

have the longest healthy life expectancy. There is no significant difference between the 

healthy life span for obese and smoking females. Obese individuals live significantly longer 

with disability than smokers or non-smoking normal weight males and females. These results 

are consistent with earlier findings in the literature (Al Snih et al. 2007; Flegal et al. 2005; 

Reuser et al. 2009). 

Figure 3: Life expectancy at age 55 by health state (HE) and disabled state (SE) for smoking, 

obese and healthy (non smoking normal weight) males and females, 95% confidence 

intervals obtained by bootstrapping.  
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Continuous-time microsimulation: individual biographies 

Based on the sex and age-specific transition rates we simulated 50,000 synthetic biographies 

for males and 50,000 for females from age 55 to 105. Adding up the sojourn times per health 

state gives approximately the same results as the life expectancies that resulted from the 

multistate cohort analysis. Total average life expectancy of the simulated males and females 

resulted in 25.45 and 30.60 years compared to 25.54 and 30.51 when using multistate life 

table analysis. Years with disability were estimated at respectively 5.25 and 8.00 compared to 

5.33 and 8.10 from the cohort approach. Note that every time 50,000 new individuals are 

simulated, the results from the microsimulation change slightly.  

Table 1: Selection of the sample. 

    men women total 
Initial sample 13086 17110 30196 
Non-whites 2405 3535 5940 
Hispanics  803 1099 1902 
BMI < 18.5 93 461 554 
Aged < 55  1067 1665 2732 
Participated less than 3 year after first report of BMI 1467 1328 2795 
Missing data on BMI, smoking or ADL disability  56 41 97  
Final sample 7195 8981 16176 
 

Additional information resulting from microsimulation is the distribution of disability 

trajectories. The most frequently followed health trajectory is trajectory 123, as shown in 

Table 2: 51% of males and 65% of females experience disability before dying. To die in a 

healthy state without ever experiencing disability is rarer for women (31%) than for men 

(45%). Table 2 also demonstrates how the trajectories followed are very different for the risk 

factor groups. Current smokers are more likely to die without ever having experience 

disability. Trajectories with recovery are rare. Obese individuals are most likely to go through 

disability.  

The simulated lifepaths show that males and females who die between ages 55 and 70 are 

much more likely to die healthy (78% and 71% respectively). They live on average 7.9 and 

7.8 years without disability, which is respectively 88% and 85% of there lives after age 55. 

Men and women who reach age 90 have little chance of escaping from disability (26% and 
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19% for men and women respectively) and can expect to live 31.0 and 30.6 years without 

disability after age 55, accounting for 78% and 74% of their lives after 55. 

The collection of simulated lifepaths allows us to study the distribution of lifespans. For 

illustration, Figure 4 shows the distributions of total lifespan for smoking males and obese 

females. Distributions can be characterized by their mean, standard deviations, percentiles or 

quartiles of interest. Table 3 demonstrates the 25% quartile, the mean, the 75% quartile and 

the standard deviation of age at death and life years with disability for simulated males and 

females. Consistent with the frequencies shown in Table 2, the share of individuals 

remaining healthy throughout their lives after 55 (0 years of disability) is larger than 25% for 

all risk groups. The standard deviation of disabled lifeyears is larger for women than for 

males. The range of life years with disability is significantly larger for the obese men and 

women than for the smoking and non-smoking normal weight individuals. Extension of 

average duration of disability could be caused by 1) the same number of individuals spending 

more years disabled or 2) more individuals suffering from disability. As the distribution of 

disabled lifespan is wider for the obese, it means that the expansion of disability by obesity is 

due to more individuals suffering disability compared to those in other groups.  

Table 2: Percentage of simulated males and females per health trajectories and risk factor 

group resulting from longitudinal microsimulation (frequency > 1%).  

      Current smokers Obese 
Non-smoking 
normal weight 

Trajectory Males Females Males Females Males Females Males Females 
123 50.8% 64.6% 45.6% 64.6% 61.5% 68.1% 49.5% 64.2% 
13 45.2% 30.7% 53.3% 33.9% 34.6% 27.0% 45.7% 30.9% 
1213 2.0% 1.9% 0.7% 0.6% 1.6% 2.3% 2.4% 1.8% 
12123 1.9% 2.8% 0.4% 0.9% 2.3% 2.6% 2.3% 3.0% 
 

Conclusion and discussion 

Microsimulation is an innovative and useful method to analyze multistate transition rates. 

Because both methods start out from empirically estimated transition rates, the aggregated 

results are consistent. More studies have started to use microsimulation to analyze individual 
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lifepaths (Cai and Lubitz 2007; Cai et al. 2010; Imhoff and Post 1998; Lubitz et al. 2003; 

Spielauer 2004, 2007).  

As opposed to the cohort approach offering average state specific life expectancy of an 

entire cohort, the individual biography or microsimulation approach provides the complete 

range and distribution of individual lifepaths that can be aggregated and analyzed in many 

different ways. Hence, the microsimulation analyses give a richer output than the multistate 

life table analysis.  

Figure 4: Distributions of total lifespan for male smokers and female obese as a result of 

100,000 simulations. 

 

 

We have shown an application on health and disability transitions illustrating large 

differences in pathways to death for males and females and smoking or obese individuals. 
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have less chance to die without ever having experienced disability. Hence, females are more 

likely to pass through disability and also to recover from it. Current smokers have the 

highest chance to follow a lifepath without disability because of early death: obese 

individuals the lowest because of early onset of disability. The distributions of age at death 

and life expectancy with disability show the highest variability for obese individuals and the 

lowest for non-smoking normal weight individuals. This means that not only is the disability 

duration longer for the obese, but also, more obese individuals will experience disability. 

Table 3: Distributions of age at death and life years with disability, indicated by the 25% and 

75% quartiles, the mean and the standard deviation. 

  Age at death life expectancy with severe disability 
  25% mean 75% st.dev. 25% mean 75% st.dev 
Males 72.94 80.51 88.53 10.86 0 5.32 8.60 7.64 
Smoking males 67.31 75.38 83.19 10.50 0 4.78 7.64 7.51 
Obese males 72.61 80.75 89.26 11.39 0 7.33 12.25 8.97 
Healthy males 75.12 82.02 89.81 10.45 0 4.67 7.29 6.89 
Females 78.13 85.46 93.85 11.24 0 8.01 13.24 9.39 
Smoking females 72.96 80.25 88.01 10.51 0 7.09 11.80 8.55 
Obese females 77.62 85.11 93.53 11.38 0 10.41 17.92 10.81 
Healthy females 81.08 86.94 94.11 9.81 0 6.45 10.26 8.00 

 

The transition rates are estimated based on empirical occurrence-exposure rates of 

individuals who were aged between 55 and 105 in the years 1992 to 2004. Because the 

interviews are held bi-annually, we miss information on events during the interval, but this 

holds for both short unobserved periods of disability and recovery. We assume response to 

be independent of health status. In reality, it is more likely that individuals with severe health 

problems are less likely to respond, which would slightly underestimate our disability 

incidence. When aggregating the simulated lifepaths, the state-specific life expectancies are 

close to the multistate life table analysis. Continuous-time microsimulation can show several 

transitions within a year, which is not observed in the bi-annual survey. Therefore, the 

number of transitions are higher in the simulated than in the observed lifepaths. An elegant 

way to verify the microsimulation results is to cut off the simulated lifepaths in the same way 

as the empirical lifepaths are observed and compare prevalences at different ages. The 

estimation of the transition rates is based on the Markov assumption that only the current 



 96 

state affects the transition probability to another state. Transition probabilities are often 

dependent: in medicine, those with a history of disease are at increased risk of relapse. 

Further research should investigate the validity of this Markov assumption and the effect of 

past disability or the duration of disability on incidence and mortality. 
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6. Analytical sensitivity analysis of the multistate life table. A new tool 

in public health research 

Abstract   

The sensitivity of life expectancy to changes in the mortality rate and the related concept of 

entropy were introduced in demography by Demetrius and Keyfitz in the 1970s. To analyze 

the sensitivity of healthy or diseased life expectancy, one can use a multistate life table and 

assess the effect of changes in the underlying rates. The object of this paper is to 

demonstrate analytical sensitivity analyses of a multistate life table applied to an illness-death 

model to quantify the effect of a health change in terms of compression or expansion of 

disability.  

Most studies express the effect of a health change in terms of hazard ratios or relative risks 

compared to a standard without change. Policymakers are more interested in the effects of 

health changes on future disability, and how disability can be controlled. The object of this 

paper is to demonstrate analytical sensitivity analyses of a multistate life table applied to an 

illness-death model to quantify health changes in terms of compression or expansion of 

disability. We will demonstrate the strength of analytical sensitivity analysis by an application 

of a multistate illness-death model to the U.S. Health and Retirement Study, showing its 

usefulness for prevention and intervention decisions.   

Introduction 

Over the last decades, health improvements have caused mortality rates to decrease 

impressively at higher ages, causing life expectancy to increase rapidly. Postponement of 

death also extends life with undesirable health conditions such as disability, illness or 

cognitive impairment. It is often debated whether life expectancy with morbidity is extended 

more by mortality changes than life expectancy in good health. Sensitivity analysis is a 

powerful analytic tool to quantify the effect of an arbitrary change in the underlying 

parameters of a model to a particular output variable of interest. In the compression or 

expansion of morbidity debate (Manton, Gu and Lowrimore 2008; 2000; Peeters et al. 

2003a), sensitivity analysis can examine how a change in its underlying age-specific rates 

alters the time span with morbidity. In general, analytical sensitivity analysis translates 
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changes in rates into gains or losses in state-specific life years. Changes in rates may be 

expressed in absolute or in relative terms. Similarly, the impact of these changes on life table 

indicators may be measured in absolute or in relative terms.  

There is a large body of literature on the impact of changing mortality rates on life 

expectancy (Keyfitz and Caswell 2005; Pollard 1988; Vaupel and Canudas-Romo 2003). For 

the sensitivity of mortality rates to total life expectancy, the term ‘entropy’ is often used 

(Demetrius 1974, 1978; Keyfitz and Caswell 2005; Vaupel and Canudas-Romo 2003). The 

results of sensitivity analyses are often expressed as sensitivities (the sensitivity of y to x is 

the derivative dy/dx) and elasticities (the elasticity of y to x is (x/y)dy/dx) (Caswell 2008). In 

the recent debates about healthy ageing, expansion or compression of morbidity and future 

long term care needs, sensitivity analysis gains importance. The impact of changes on 

incidence rates, recovery rates and health-status specific mortality rates on life expectancy 

with and without illness or disability is conveniently studied with an illness-death model. 

Sensitivity analysis can provide insights that are of great importance for prevention and 

intervention policies. Which interventions contribute most to healthy or disabled life 

expectancy and at what ages would an intervention be most effective? Does a change in 

health expand or compress the lifespan with disability?  

Illness-death models are multistate models. The models are generally written as matrix 

equations and sensitivity analysis requires matrix differentiation techniques. Neudecker 

(1969) defines matrix differentiation as the procedure of finding partial derivatives of the 

elements of a matrix function with respect to elements of the argument matrix.  Matrix 

differentiation techniques are well established (Dwyer, 1969; Magnus and Neudecker, 1999). 

Although the technique was introduced into multistate demography decades ago (Ekamper 

and Keilman, 1993; Willekens, 1977), it is seldom used. New widely available software 

facilitates applications of sensitivity analysis in multistate models. The applications in this 

paper demonstrate the absolute and relative gains and losses in life expectancy due to relative 

changes (of 1%) in the rates. In the multistate context, we  refer to state-specific elasticity as 

the relation between a relative gain or loss in state-specific life expectancy as a result of a 1% 

change in an underlying rate. State-specific elasticities are comprehensive measures of 

sensitivity and show the efficiency of compression or expansion of disability. Furthermore, 

we distinguish between changes in incidence, recovery and death rates at one particular age 
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resulting from changes in health conditions, and changes over a range of ages, including a 

lifetime change. An illustration of decelerated ageing demonstrates the impact of a 

proportional decrease in incidence and death rates for all ages.  

Background 

Sensitivity analysis, also called perturbation or impact analysis, deals with the question of 

how a small change in a parameter alters particular outcome variables that interest us. There 

are basically two ways to conduct sensitivity analysis. The first is the numerical or simulation 

method, also called the arithmetic or empirical approach, which is simply computing the 

function of interest under the changed and the original transition rates (Ekamper and 

Keilman 1993; Keyfitz 1971; Laaksonen 1980). The numerical approach is commonly used 

to assess sensitivity of a model (Crimmins, Hayward and Saito 1994; Nusselder et al. 2000; 

Nusselder et al. 1996; van Baal et al. 2006). This method however, does not provide general 

insights into the mechanism of the model. We use this numerical approach to verify the 

results of the second approach, the analytical method, which we will use here. The second 

way to conduct sensitivity analysis is to use a mathematical expression that links changes in 

life expectancy to changes in underlying rates. The  theoretical and mathematical aspects of 

analytical sensitivity analysis in multistate demography were developed earlier by Willekens 

(1977), Arthur (1984), Ekamper and Keilman (1993) and Hill (1997). Hill has derived 

formulas for the entropies of diseased and non-diseased life expectancy in relation to 

changes in incidence and mortality rates. However, in this model the disease is irreversible 

and recovery is not possible. When including the possibility of reverse transitions like 

recovery, a system of equations needs to be solved by matrix algebra. Analyzing the 

sensitivity of a multistate illness-death model expressed in matrices requires matrix 

differentiation. In this paper we show the multistate life table, derive the sensitivity functions 

and demonstrate an application to an illness-death model using the U.S. Health and 

Retirement Study.  

Methods 

Data and measures 

We use data from the Health and Retirement Study (HRS) data file containing the HRS and 

the Asset and Health Dynamics Among the Oldest Old (AHEAD) which began in 1992 and 
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1993, respectively, and were merged in 1998. More information is available at 

http://hrsonline.isr.umich.edu/. The HRS and AHEAD surveys include a nationally 

representative sample of initially non-institutionalized persons born in 1931–1941 (HRS, 

aged 51–61 in 1992) and in 1923 or earlier (AHEAD, aged 70 and older in 1993). Sampled 

persons were re-interviewed biannually. We used data from 7 waves from 1992 to 2004. 

Response was on average 86% (HRS) and 90% (AHEAD).  We selected white non-Hispanic 

men and women. Data on vital status and month and year of death are obtained through the 

mortality register (the National Death Index) and exit interviews. 

Outcomes are all-cause mortality and disability. Disability is defined by the Katz basic 

activities of daily living (ADL): Walking, Bathing, Dressing, Toileting and Feeding (Katz et 

al. 1963). We classified as ADL disabled anyone answering ‘with difficulty’ to at least one of 

the ADL items.  

Transition rates 

The state space and possible transitions between the states are demonstrated in Figure 1. 

Figure 1: Statespace of the multistate illness-death model 

 

Transition rates are estimated using occurrence-exposure rates per single age. Transitions 

from one health state to another are only observed at interview, hence, we assume that only 

one transition occurs in the two-year interval. For ADL disability we assume transitions 

halfway between two waves. Exponential smoothing using Poisson regression is applied to 

reduce the variability of the rates (Mamun 2003). The assumption is that the hazards of 

death and disability increase exponentially with age, which fitted the transition rates to death 

and disability very well. To translate the rates in annual probabilities we assume the rates to 
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be constant in the 1- year intervals, hence we assume a piecewise constant exponential 

model. We make the matrix M(x) an irreducible matrix by eliminating the last row and 

column that contain mortality rates. The diagonal includes transition rates to death: 
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where µij is the transition rate from state i to state j. 

Status-based life expectancy 

All multistate life table functions are derived from the transition rates matrix M(x). As we 

assume the transition intensities to remain constant in the one year age interval, the 

probability matrix P(x) can be calculated by the exponential model: 

2 
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The survivorship matrix l(x) consists of elements lij(x) denoting the number of persons in 

state i at age x who are in state j at x+1: 

3 
)()()1( xxx lPl =+  

We define l(0), the radix, as a diagonal matrix with the arbitrary constant 100,000. 

The total number of personyears lived by individuals in age group x to x+1 is given by the 

matrix: 
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The most important and most frequently used life table function is that of life expectancy: 
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The status-based life expectancy eij(x) expresses the expected number of years lived in health 

state j beyond age x by an individual who is in health state i at age x. Many scholars use 

population-based rather than status-based multistate life tables, indicating the life expectancy 

and health status of the entire life table population. To obtain population-based life tables, 

often the observed prevalence at starting age is used to distribute the radix population in 

each of the health states (Crimmins et al. 1994). 

Sensitivity functions 

In the analytic approach of sensitivity analysis, general formulas are derived to express the 

impact of a particular change in terms of the output variable: these formulas are called 

sensitivity functions. 

Willekens has derived the sensitivity functions for all life table functions under the linear 

assumption (Willekens 1977). In this section we will differentiate the life table functions 

using the exponential model. The matrix differentiation techniques are elaborated on in the 

appendix of Willekens (1977) and in the book of Magnus and Neudecker (Magnus and 

Neudecker 1999). 

A small change in the transition matrix M(x) is denoted by dM(x), indicating for which 

element of M(x) the sensitivity to a small change δ is being calculated. The change δ can be 

expressed in absolute or in relative terms. Matrix dM(x) consists of zeros except for the 

element of interest and the diagonal element of that column. (Ekamper and Keilman 1993) 

For example, an absolute change δ in rate µ12(x) results in the following dM(x) matrix: 
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The transition rate matrix, which is M(x) before the change, is M(x)+dM(x) after the change. 

When δ is a relative change, dM(x) is  
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dM(x) can also express simultaneous changes in several rates.  

 

First consider the sensitivity of transition probabilities to changes in transition rates. The 

sensitivity of the probability matrix P(x) only depends on M(x), as can be seen in equation 2. 

The derivation of the sensitivity function requires the differentiation of a matrix exponent. If 

M is a matrix, then the differentiation of the exponent of M using Taylor expansion yields 

(Magnus and Neudecker 1999):  
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Applying this function to the definition in equation 2 yields: 
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Although the Taylor expansion is defined until infinity, convergence is reached after 3 terms. 

 

Equation 3 shows that the survivorship function l(a) is only influenced by P(x) and hence 

M(x) when a>x. Following Willekens 1977, the sensitivity function of l(a) can be denoted as: 
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It becomes clear from equation 4 that the function of personyears L(x) is also not 

determined by transition rates at earlier ages. Hence, M(x) only affects L(a) when a≥x. 

Applying the chain rule for differentiating equation 4 results in: 
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The derivative of the inverse can be written as (Magnus and Neudecker 1999): 

12 
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Using equations 4 and 9, the sensitivity function for L(a) can be written as: 
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We now consider the sensitivity of the life expectancy to a change in the transition rate.  The 

life expectancy sensitivity function gives us the sensitivity of status-based life expectancy at 

age 55 to changes in one of the underlying transition rates M(x), where x≥55. Differentiating 

equation 5 gives: 
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Since l(x) is independent of M(x), we can eliminate the second term resulting in: 
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The sensitivity of the life expectancy at a given age a to a change in rates at another age x 

(with a ≥ x) is  
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From an epidemiological point of view it is realistic that a certain intervention brings about a 

lifelong change, altering the rates (proportionally or additively) from a given age onwards. To 

calculate the impact on life expectancy of a life long change from age x onwards, one can 

simply add the differentials over all ages: 

17 
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The resulting change in state-specific life expectancy can be expressed in absolute or in 

relative terms. It can be informative to express the gain or loss in terms of a proportion of 

the original life expectancy. The relationship between a proportional gain or loss in life 

expectancy and a proportional change in the rate causing this, is called elasticity. The elasticity 

is a measure of sensitivity. It reveals to what extent a 1% change (δ=0.01) in a rate translates 

into a relative change in life expectancy. For status-based life expectancy, the state-specific 

elasticity can be expressed as: 
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where δ is a relative change in µij(x) and Eij(x) indicates the percentage change in the number 

of years spent in state j beyond age x by a person in state i at age x, resulting from a δ 

percent  change in the transition rate µij(x). The concept of elasticity used here is very similar 

to the measure of entropy in the life table, as mentioned earlier, and defined by: 
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where H is entropy. In this definition, entropy is bound between 0 and 1. In the multistate 

life table, with more than one living state, the relation between the change in the rate and the 

change in life expectancy can be both positive and negative. To avoid confusion with the 

entropy of equation 19, we will use the more widely used expression, namely, elasticity. 

Results 

Following the above procedure to estimate transition rates and constructing a multistate life 

table using the exponential model, we calculated status-based life expectancy in the two 

living states for the population aged 55 and over in the United States. Estimated status-based 

life expectancy for white non-Hispanic U.S. males and females are given in table 1.  
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Table 1: Status-based life expectancy at age 55 for U.S. males and females. 

  Males Females 
  Healthy at age 55 Disabled at age 55 Healthy at age 55 Disabled at age 55
Healthy ex 19.44 2.11 21.84 2.19 
Disabled ex 4.98 15.84 7.35 20.10 
Total ex 24.43 1) 17.96 29.19 22.29 

1)Total life expectancy at age 55 for males, starting out healthy was 24.427 years with the 
linear and 24.429 years with the exponential model. 
 
Women live much longer with and without ADL disability than men. Women who are 

healthy at 55 may expect to live 29.2 years, 29% with ADL disability. Women who are ADL 

disabled at age 55 can expect to life fewer years (22.3 years) and a much larger share (90 %) 

with ADL disability.  

The sensitivity of the life expectancy to changes in transition rates are determined by 

equation 16. What is the effect of a 1 % reduction in the healthy to ADL disability rate at age 

55 on the life expectancy at that age? The resulting change in life expectancy can be 

expressed in absolute or relative gains or losses. dM(x) would be: 
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One of the research questions that can be answered by sensitivity analyses is at what age an 

intervention is most effective in terms of prolonging healthy or total life expectancy. Let’s 

examine the influence of a 1% decrease in transition rates at each particular age. Figure 2 

shows the effect of these changes. The black lines in Figure 2 show the sensitivities for 

individuals starting out healthy at age 55 (H) and the grey lines show the sensitivities for 

individuals who are severely disabled at 55 (S). The upper right panel, for example, shows 

the effect of a decline in the healthy to disability rate. The gains in life expectancy decline 

after age 70 as a consequence of the declining probability of being healthy at such advanced 

ages and hence to being exposed to the risk of transition to ADL disability. The benefits for 

an individual starting out disabled at age 55 (S) are small as the person needs to recover first 

to be able to profit from the decreased incidence rate.   
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Figure 2: Absolute effect of a 1% decrease in one of the rates at different ages on status-

based life expectancy for males starting out healthy at age 55 ( H - black lines) and males 

starting out severely disabled (S - grey lines).   
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A decreasing healthy to death rate and healthy to disability rate is most efficient at young 

ages: the sooner the intervention, the better. However, for the recovery and survival of 

disabled persons there is a clear optimal age for an intervention to be most efficient. The age 

at which most effect can be reached depends on the probability of being exposed to the 

risks, the initial rates at that age and the life years to be saved. The prospects of individuals 
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who started out with ADL disability at age 55 (grey lines in Figure 2) are naturally most 

sensitive to changes in recovery and survival.  

We verified the results by means of the numerical approach and the linear differentiation. 

Differences between the linear and exponential model are negligible. As long as the change δ 

remains small, the analytical differentiation approaches (linear and exponential) are 

practically identical to the numerical method. 

A simultaneous change: decelerating ageing 

The analytical sensitivity analysis can also assess the impact on the life expectancy of 

simultaneous changes in two or more rates. Imagine a slowing down of the biological 

process of ageing: suppose that both mortality and transition to disability were reduced by 

1%. 

The state-specific life expectancy sensitivity functions show at what age this would have the 

largest effect for men and women. As about 87% of males and 85% of females are healthy at 

age 55, the elasticities for individuals starting out healthy are most interesting and shown 

here. 

Figure 3 demonstrates that in terms of absolute gains in healthy life expectancy (HE) 

decelerating ageing should start as early as possible. To optimize gains in total life expectancy 

(LE), the most effective age to slow down the pace of ageing is around age 70 to 75, which 

will however also increase disabled life expectancy (DE). After age 75, for both males and 

females decelerated ageing benefits disabled life expectancy more than healthy life 

expectancy: the prevented incidences of disability do not outweigh the number of disabled 

that were saved from dying.  

An important question is whether decelerated ageing expands or compresses the lifespan 

with ADL disability. Table 2 shows the gains in state-specific life expectancy for men and 

women starting out healthy and the proportion of disabled life before and after a 1% 

reduction in disability and death rates. In absolute terms decelerated ageing causes an 

expansion of disability for both males and females: life expectancy with disability increases 

by 0.007 and 0.006 years respectively. In relative terms however, disability is compressed for 

both men and women, as shown in Table 2. 
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Figure 3: Absolute changes in state-specific life expectancy as a result of decelerated ageing 

(1%) for men and women who started out healthy at age 55. 
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Table 2: Compression or expansion of disability in years and in proportion of total lifespan 

after a 1% reduction in disability and mortality rates from age 55 onwards for males and 

females, starting out healthy. 

  Males Females 
  Before After Gains/losses Before After Gains/losses 

  years share years share years

share 
(% 
points) years share years share years

share (% 
points) 

Healthy 
ex (HE) 19.44 79.6% 19.55 79.7% 0.11 0.06% 21.84 74.8% 21.96 74.9% 0.12 0.09% 
Disabled 
ex (DE) 4.98 20.4% 4.99 20.3% 0.01 -0.06% 7.35 25.2% 7.36 25.1% 0.01 -0.09% 
Total ex 
(LE) 24.43 100.0% 24.54 100.0% 0.11   29.19 100.0% 29.31 100.0% 0.12   
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The impact of a lifelong change  

Many interventions, treatments or lifestyle changes bring about a permanent and lifelong 

change to health conditions. Elasticity can equally express the resulting relative change in life 

expectancy as a result of a lifelong 1% change in the original rate by adding up the elasticities 

per age (see equation 17). An illustration of state-specific elasticities of lifelong proportional 

changes by rate are given in Figure 4 for individuals starting out healthy. 

Figure 4: Healthy (HE) and Disabled life expectancy (DE) elasticities for each rate for 

individuals starting out healthy at age 55. (H-D = Healthy to Death, H-S = Healthy to 

Severely disabled, S-H = Severely disabled to Healthy (recovery), S-D = Severely disabled to 

Death. 
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Most elasticities are negative as a reduction in a transition rate increases life expectancy, 

except for recovery. The figure clearly demonstrates that the most effective way to improve 

healthy life expectancy for those starting out healthy, is to reduce the healthy to disability 

rate. Improvements in recovery rates have very little effect: a 1% increase in recovery rate 
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causes a 0.02% increase in healthy life expectancy. Lifelong proportional interventions are 

more effective for males than for females, except for the impact of healthy to disability rate 

on healthy life expectancy. 

Summary and discussion 

This study demonstrates analytical sensitivity analysis of a multistate life table and its 

usefulness for research on compression and expansion of disability. It builds on existing 

research on sensitivity analysis, multistate life table functions, entropy of the survival curve 

and matrix differentiation. The linkage between a change in one of the rates and the resulting 

change in life expectancy is not straightforward, but depends on the initial level of the rate, 

the exposed risk and life years to be saved. The sensitivity functions of the status-based life 

expectancy tell us for which rate and at what age an intervention would be most effective to 

gain (healthy) life years. The state- and rate specific elasticities directly translate relative risks 

into relative losses or gains in a life expectancy with and without disability. It is an intuitive 

measure to quantify the effect of a health change, for example a lifestyle change or an 

intervention, in terms of compression or expansion of morbidity.  

Decelerated ageing, a reduction in disability and death rates, leads to longer lives in better 

health before age 75. After 75, decelerated ageing adds years but most are years with 

disability: prevented disability thus does not outweigh the averted mortality of the disabled. 

Overall, decelerated ageing expands the number of years with and without disability, but 

expressed as a share of total lifespan, life with disability is compressed for both men and 

women. The most effective intervention to increase healthy life expectancy is to reduce ADL 

disability incidence. Improvements in recovery rates have very little impact. Generally, health 

interventions are more effective for males than for females, a consequence of higher rates.  

As with all differentiation methods, the sensitivity functions derived by matrix differentiation 

only hold as long as the changes under study are small. When the values in the change matrix 

dM(x) grow larger, the resulting gains or losses in life expectancy from the analytical 

sensitivity method  diverge from the real effects on life expectancy. The accuracy of the 

analytical method can easily be tested by means of the numerical method. 
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Although multistate models in health research are considered superior to several other 

epidemiological models like the multiple-decrement life table or Sullivan’s method 

(Barendregt, Bonneux and Van der Maas 1994), multistate models are not as widespread as 

one might expect or would wish for. One of the reasons could be the need for longitudinal 

data of at least two waves to estimate transition rates. Another possible explanation for 

researchers’ reluctance might be the unfamiliarity with matrix algebra. Sensitivity analysis of 

multistate models using matrix differentiation has received very little attention in the 

literature, probably for the same reason. This paper tries to demonstrate the usefulness of 

analytical sensitivity analysis in multistate illness-death models and shows applications that 

could serve researchers and policymakers in studies and debate about compression and 

expansion of disability. 
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 7. General discussion 

The aim of this book is to unravel the effect of risk factors on healthy ageing and life years 

with disability. The risk factors gender, smoking, obesity and education are important 

influences on the duration of physical and cognitive disability. To study these effects and to 

answer the research questions raised in the introduction we used several techniques, based 

on the multistate model: Cox proportional hazard model, multistate life table analysis, 

microsimulation and sensitivity analysis. We examined disability of activities of daily living 

and cognitive impairment and we demonstrated applications to the U.S. Health and 

Retirement Study.  

In this final chapter we summarize the main findings of this study and discuss the challenges 

and contributions of our approach. Furthermore, we reflect on policy implications and 

future research opportunities.  

Summary and discussion of the results 

Male- female differences 

The differences between males and females in health and mortality, often discussed in the 

literature as the health-survival paradox (Oksuzyan et al. 2008), were confirmed by our 

findings: men seem to be healthier and less disabled, but they die younger. At age 55, men 

can expect to live 24.1 [23.7:24.5] more years and women 28.2 [27.8:28.7] years, of which 

respectively 5.0 [4.6:5.4] and 7.7 [7.5:8.0] are spent with ADL disability. Also regarding 

cognitive decline, we found that women on average live more years with cognitive 

impairment, 2.7 [2.4:2.9] years as opposed to 1.7 [1.5:1.9] for men. The male-female 

differences are not well understood and it seems that social and biological factors interact to 

determine the prevalence of frail females and dead males. One explanation is that men tend 

to believe their health is better than it actually is and do not seek medical care as frequently 

as females: they have fewer appointments with general practitioners, but require emergency 

treatment more often (Oksuzyan et al. 2008). 
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Obesity 

The influence of increasing body weight on health has been on the scientific agenda for 

several decades. The debate about the obesity pandemic and the consequences for future 

(healthy) life expectancy still keeps scientists and policymakers busy today. An important 

finding, reported in this book, is that we found no increased mortality risk for overweight 

and obese individuals. Only severe obesity (BMI>35) significantly elevates the mortality risk 

for males and females. This contradicts earlier studies like the Framingham Heart Study, that 

documented high mortality among obese and overweight persons of a cohort born between 

1900 and 1920. The explanation lies in the impressive decline of cardiovascular mortality in 

the 1980s, partly due to successful cardiovascular risk management. Although the relative 

risk of cardiovascular disease and diabetes for overweight and obese individuals is still high, 

the absolute risk of cardiovascular death has decreased spectacularly and higher BMI no 

longer leads to increased mortality, unless it is very high. 

Our study documents an increased hazard of ADL disability for mildly obese males and 

females of respectively 69% and 66%. There is a clear dose response relationship, with 

increasing obesity causing increasing hazards of disability.  Overweight only increased ADL 

disability incidence for females (25%). The effect of BMI on disability can be explained by 

elevated risks of diabetes, high blood pressure, osteoarthritis of the weight-bearing joints and 

chronic back pain. Particularly interesting are the results for overweight and mildly obese 

females: they face lower hazards of death once disabled, extending life with disability. 

As high BMI does not advance mortality, but does increase disability incidence, life years 

free from disability are traded for life years with disability. Mild obesity shortened life free 

from ADL disability by 2.7 years (men) and 3.6 years (women), but increased the duration of 

ADL disability by 2.0 years (men) and 3.2 years (women). For females, even overweight 

increases disabled life expectancy by 2.1 years and shortens life free from ADL disability by 

1.5 years.  

In brief, the burden of years spoiled by obesity is now more important than the burden of 

lost years. Overweight and mild obesity has ceased to be fatal, but a paradoxical consequence 

of lowered mortality is increased morbidity and care dependence. This holds particularly  

true among women for whom increased disability goes hand in hand with increased survival, 
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both sharply increasing the numbers of years lived with disability. The disabling effect of 

obesity is confirmed by the analysis of individual disability trajectories: 65% of obese males 

and 73% of obese females experience ADL disability in their life, compared to 55% and 69% 

of average males and females. 

Smoking 

The impact of smoking on health is very different to that of obesity: several studies have 

shown that smoking increases risks to mortality and morbidity e.g. due to causing by lung 

cancer, cardiovascular disease and stroke (Doll and Hill 1956; Ockene and Houston Miller 

1997; Peto et al. 2000). In our analyses, we found an elevated risk of mortality and of ADL 

disability incidence for both male and female smokers. In terms of life years with ADL 

disability, the impact of smoking is impressive and controversial: By shortening life, smoking 

compresses life expectancy with disability. Smoking males live 1.3 years [0.5:2.5] less with 

ADL disability and females 1.4 years [0.3:2.6] less. These results add to previous life course 

analyses showing decreased health-care costs and cardiovascular morbidity as a consequence 

of  the high mortality of smoking (Barendregt et al. 1997; Mamun et al. 2004). When 

studying individual disability trajectories, using microsimulation, we detect the highest 

percentage of lifepaths without ADL disability among smokers. Evidence in existing 

literature on the effect of smoking on cognitive decline is mixed. We did not detect a clear 

effect of smoking on the incidence of cognitive impairment or on expected life years with 

cognitive impairment. 

Education 

Existing literature shows that the well-educated tend to live healthier and longer lives. Our 

results show that life expectancy at age 55 for highly educated males and females is about 4.5 

years longer than that of lower educated individuals. On the one hand one would expect 

that, as higher education extends life, the absolute duration with disability would increase. 

On the other hand higher education reduces the risk of physical and cognitive disability. The 

net balance between longer life and reduced incidence is expressed by the duration. Our 

results show that for ADL disabled life years, being highly educated neither compresses nor 

expands disabled life. But given the longer life, the higher educated spend on average more 

life years without disability than the less educated. Concerning life expectancy with cognitive 
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impairment, the effect of education works on both sides: A higher education is related to 

both a decreased risk of cognitive decline and an increased risk of mortality once cognitively 

impaired, significantly reducing the duration with cognitive impairment. Our findings on the 

effect of education are in line with the cognitive reserve hypothesis as described earlier 

(Fratiglioni and Wang 2007; Stern 2006; Stern et al. 1995). The theory suggests that brains 

with larger reserves can sustain and adapt to more damage before reaching the critical 

threshold of clinical disease. A higher level of neuropathological damage means a more 

advanced stage of brain disease, resulting in an increased dementia related mortality risk 

(Witthaus et al. 1999).  

Methodological approach and challenges 

Our approach to studying the effect of risk factors was based on the multistate model using 

the U.S. Health and Retirement Study. The multistate model relies heavily on accurate 

estimation of transition rates from longitudinal data ─ a far from trivial exercise. We will 

discuss the contributions and challenges of our methodological approach.  

Contributions and strengths 

The strengths of this study lie in expressing the results in terms of durations, the 

methodological contribution of the analytical sensitivity analysis and the richness of the HRS 

data. 

One of the main contributions of this study to research on the effect of risk factors on 

disability is the use of the multistate life table. The multistate life table can combine risk and 

age-specific incidence and mortality rates into a single outcome, which is the duration in the 

state reached after incidence e.g. years lived with ADL disability. This allows assessing 

changes in duration of disability, and hence healthcare needs. This is an important and easy 

way to interpret measure for both individuals and policymakers in the field of public health. 

Most epidemiological studies express the impact of risk factors in terms of disease-specific 

rates or in proportional hazard ratios. Demographers on the other hand, prefer expressing 

effects in terms of life years lost or gained with a particular condition. Life expectancy with 

physical or mental disability depends on the net balance between incidence, recovery and 
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death. The simultaneous influence of the risk factors on these transition rates is summarized 

by the expected duration with or without disability.  

The estimation of duration with or without disability requires age-specific transition rates 

and the multistate life table. In the Cox model, the transition rates are usually not of interest: 

only the proportional effect of risk factors on the rates are so. However, if durations are of 

interest, the transition rates are essential. Our approach contributes by estimating and 

smoothing the level and the shape of the baseline hazard. To obtain baseline hazard rates by 

single year of age, the empirical occurrence-exposure rates were smoothed using an 

exponential function, which fitted the data very well. The smoothed estimates are less erratic 

at higher ages and reduce the variability of the results (Blossfeld and Rowher 2002; Mamun 

2003). The Gompertz function needs far fewer parameters than the semi-parametric Cox 

model and the estimates are easier to interprete and to apply to the life table construction.  

The analytical sensitivity analysis is a contribution. It is the first time that the life table 

sensitivity functions are derived by the exponential method, hence assuming constant rates 

during the age-interval. And it is the first demonstration of an application in the domain of 

public health using multistate life table sensitivity analysis. 

Finally, an important strength of our research stems from the richness of information in the 

data. The publicly available HRS, with 30,000 respondents, 7 waves of follow-up and a high 

response rate provides the abundance of data needed for our data-demanding multistate 

approach. Because of a link to the death register, the HRS provides accurate and precise 

information on time of death: proxy respondents are interviewed when respondents are 

unable to answer and a wide variety of modules offer a wealth of covariate information. The 

Survey on Health and Retirement in Europe (SHARE) is largely based on the HRS setup 

and is currently conducting its third survey round. Our study presents valuable input for 

similar research on SHARE data as soon as more waves become available. 

Challenges 

Our approach to study the effect of risk factors, given the available data, deserves some 

reflection. The challenges and limitations of our research, discussed below, lie in the way the 
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transition rates are estimated, the assumption of a Markov process, the selection of 

covariates and the period-cohort mix in the analyses. 

As mentioned earlier, the multistate model and the extensions used in this study are all based 

on transition rates. Accurate estimation of the rates is of vital importance for the relevance 

of the results. Several studies have dealt with the modelling of transition rates using panel 

data with only current status information (Cai et al. 2010; Lièvre, Brouard and Heathcote 

2003; Wolf and Gill 2009). We estimated the transition rates based on empirical occurrence-

exposure rates of individuals who were between ages 55 and 105 in the years 1992 to 2004. 

The exact month of death is available. However, for transitions to disability, we assume at 

maximum one event during the interval between interviews and the moment of transition 

halfway the interval. There are two problems with this method: 1) given the current-status 

panel data without information on the exact moment of the disability transition, it would be 

more suitable and logical to estimate transition probabilities (e.g. using a logistical model) 

and use the inverse method to obtain transition rates (Singer and Spilerman 1979), 2) the 

assumption of a transition halfway the interval is not consistent with the way the rates are 

transformed into probabilities, namely by the exponential model. The exponential model 

assumes constant rates during the interval and hence the time of event is slightly earlier than 

halfway. There are two alternative methods to estimate transitions probabilities: 1) estimate 

transition probabilities for the average interval length, 2) use embedded Markov Chain to 

estimate transition probabilities for a year, a month or for the average interval length. For 

the first option, the disadvantage is that the interval lengths differ considerably in the HRS: 

Individuals are reinterviewed on average after 24 months, but the intervals range from 11 

months up to 149 months. The embedded Markov Chains option is operationalized in the 

program Interpolated Markov Chains (IMACH)(Lièvre et al. 2003). However, with many 

different interval lengths, the likelihood to estimate transition probabilities for short intervals 

(e.g. one months) contains multiplication of many matrices and is very difficult to optimize. 

Recently, the embedded Markov Chain approach and the occurrence-exposure method have 

been compared to actual monthly collected data (Wolf and Gill 2009). The study concludes 

that neither of the two methods is superior. The bias becomes more important when 

interviews are more largely spaced.  
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Another important aspect of our multistate model is the underlying assumption of a Markov 

process and its ‘memoryless’ Markov property. The Markov model assumes that the future 

only depends on the current state and is independent of the past. In our applications this 

means that transitions to death or disability are identical for all individuals who are currently 

healthy (by age, sex and covariate), regardless of their history of illness. In reality, future 

prospects are not independent of one’s medical history. It would be useful to investigate in 

which cases and to what extend the Markov property holds. It is possible to extend the 

statespace of the multistate model with states that include information from the past, e.g. 

first time incidence, second time incidence etc. Another related assumption of the Markov 

model that deserves attention is the duration independence. In our study, the hazard of 

death from a disabled state for example is independent of the duration of disability. To study 

dependence of medical history and duration dependence, the observation spells in the HRS 

are relatively short and there is no retrospective data. A longitudinal study with a longer 

follow-up, e.g. the Framingham Heart Study, could be used to analyze duration dependence 

in transitions to disability and death.  

We have been selective in the inclusion of individual characteristics: our main covariates of 

interest were BMI, smoking and education. All covariates and disability measures are self-

reported, not measured or diagnosed by a medical doctor. The use of BMI to test the effect 

of adiposity on health and mortality deserves more attention. A number of studies have 

demonstrated that self-reported BMI is underreported by 1 BMI point, especially at higher 

BMI. Furthermore, BMI has proven to be a fair measure of adiposity. However, it is easy to 

measure and report and is widely used in health policy. The relation between high BMI and 

health and mortality is intermediated by high blood pressure. Controlling for high blood 

pressure would delude the effect of BMI. A final important consideration concerning the use 

of BMI in this study is the lack of information on the history and development of body 

weight. We use the BMI reported at entry into the survey and keep this variable constant. 

There is no information about individuals weight at younger ages. Structural obesity since 

childhood probably has different health effects than gaining some weight after age 70. In our 

analyses, we did include analyses on rather quick gains and losses in weight during 

observation. However, to study duration-dependence in the effect of BMI, one needs data 

with very long follow-up or retrospective questions. Also the analysis of BMI as a time-
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varying covariate needs more statistical power than the HRS can provide. The significance of 

duration and age and time-dependence is equally true for smoking habits.  

A final reflection on our methodological approach concerns the mixture of period and 

cohort perspective in the analysis. We used a longitudinal survey of a relatively short period 

of time, namely 12 years. This has also been called a cross-longitudinal survey (Lièvre et al. 

2003). The 12-year period observation is applied to a synthetic cohort: the resulting state-

specific life expectancies should be considered as a period measure reflecting disability 

occurrence in the 1990’s. The events and exposures during the time of observation are 

summed for all years, considered one single period. It is possible, however, that there was  a 

trend during the time of the survey in for example obesity, disability or the relationship 

between the two (Alley and Chang 2007). This is not captured by the analysis and might 

even obscure the detected effects.  

Policy implications and what to expect for the future  

The future trend in old-age mortality and the compression or expansion of morbidity and 

disability are some of the most important questions and challenges for scientists and policy 

makers in the field of demography and public health. As Olshansky put it ‘Few topics in the 

world of science are as interesting and personal as the question of how much time will pass 

between our birth and death, and the status of our health along the way.’(Olshansky 2008). 

Rapid ageing not only completely changes the population structure,  the large increase in the 

absolute number of elderly will also have an enormous impact on society. This holds true for 

developed as well as developing countries. 

One of the important challenges of the ageing population lies in the estimation, forecasting 

and provision of the health-care services needed. Besides the ageing of the population, 

future health-care needs are for partly determined by developments in prevention strategies 

and hence on effective risk management. Further postponement of senescence in the future 

depends on progress in improving the health, not only of older people but also of younger 

people, such that they reach old age in better condition (Vaupel 2010). In particular the 

increasing BMI in the population will raise long-term care needs severely, as demonstrated in 

our study. As overweight and mild obesity cease to be fatal, a paradoxical consequence of 
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lowered mortality is increased morbidity and care dependence. Fewer smokers and more 

quitters are another paradoxical source of future disability, adding life years with care 

dependence. High levels of education offer a win-win situation: extend healthy life and 

compress disabled life as a share of total lifespan. Raising education to the highest level 

attainable should be a goal for policymakers both in developing and developed countries.  

When discussing the impact of risk factors and possible policy implications, questions arise 

about the desirable degree of government interference. Many risk factors, like smoking, 

alcohol consumption and unhealthy diet are lifestyle habits based on individual choice: most 

people are very well aware of the health risks caused by their lifestyle. 

One of the main scourges of senescence is cognitive impairment (Vaupel 2010). Cognitive 

impairment is a major cause of disability and care dependence, and nearly all people fear loss 

of cognition and the ability for self care. Ageing and life extension of the baby boom cohorts 

will cause numbers of people with dementia to increase rapidly. Again, raising levels of 

education is a wise policy as high education and mentally stimulating occupations compress 

cognitive disability by postponing incidence of dementia more than death.  

Another societal concern is to deal with the balance of working and non-working life, as 

health is improving and life expectancy increasing. Extended (healthy) life has raised the 

discussion on raising the pension age. In the debate regarding a higher pension age, 

remaining life expectancy is important and prospects are very diverse. People who retire 

today are on average much healthier than those who retired 40 years ago at the same age. 

Besides, research has shown that working can contribute to staying in good health; mentally 

stimulating occupations reduce risks to cognitive impairment supporting the ‘use it or lose it’ 

hypothesis. A recent study highlights a significant negative causal impact of retirement on 

cognitive functioning  close to 10% (Bonsang, Adam and Perelman 2010).  

The extension of (healthy) life and dilemmas of redistribution of income might require 

rebalancing other life events and result in a redistribution of work, leisure, education and 

family time. In many countries, especially countries with long life expectancies, people work 

hard at the ages when they could have children and spend time with them and then retire at 

ages when their children are no longer in need of daily care. Devoting two decades or more 
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to education, the next three or four to trying to combine work and family and then 

experiencing leisure for a probable four decades might seem less desirable than spreading 

and mixing education, work, child-rearing and leisure across more years of life (Vaupel 

2010). 

Recommendations for future research 

Concerning the impact of obesity on health and disability at old age, more research is needed 

on the duration effects of obesity and the impact of obesity in childhood (Lloyd, Langley-

Evans and McMullen 2010; Mamun et al. 2009). Although the HRS does not contain 

information on body weight at younger ages, it is likely that the majority of overweight and 

obese individuals in this study gained weight in adult life or at middle age. Obesity among 

children used to be very rare in the first half of the 20th century. Nevertheless, the impact of 

childhood obesity on health and disability at middle and old age is likely to be very different. 

The mechanism explaining the role of education on health deserves more attention as well. 

With increasing levels of education in the entire population, the question arises whether 

absolute or relative levels of education are the driving force for health disparities.  

Concerning disability, we have limited our research to severe disability, meaning failing at 

least one activity of daily living. Including a state of mild disability, for example by using 

instrumental activity of daily living (IADL), could shed more light on the gradual process of 

health deterioration. Furthermore, research could be done on the combination and 

interaction between physical disability and cognitive impairment. It is likely that severe 

cognitive impairment precedes disability of activities of daily living, but little is known about 

the sequence of these health conditions. Besides, trajectories through mild disability, severe  

disability and mental disability might be very different for males and females, for different 

risk factor groups and for different durations of the conditions. 

Physical and cognitive disability are not completely objective measures. Part of the ability to 

perform tasks is determined by living conditions, help from a partner or relative and 

accessibility to medical aids and instruments. These conditions are likely to vary among 

different groups. Further research could, for example, investigate the different impact of risk 

factors on durations and trajectories of disability in different countries. The European 

SHARE data could be a useful source of information. 



 
 
130 

Our study could be usefully complemented by disability projections into the future. Three 

developments interact in assessing the population health situation in the future: 1) 

demographic developments: lower old-age mortality (and in many countries the ageing of the 

baby-boom cohort) will change the population structure, 2) medical developments: 

incidence, recovery and death rates will possibly change in the future thanks medical 

innovations, prevention and risk management, 3) risk factor developments, due to both 

behavioural and medical changes: scenarios should reflect realistic developments in the 

future prevalence of the risk factors. Projections should not only predict individual life 

expectancy with or without physical or cognitive disability, but also estimate total numbers 

of individuals with disability and durations of their disability. The range of projected 

personyears that will be spent with disability can serve as the foundation for planning health 

care services, health-care costs and personnel needs in the future. 
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Samenvatting in het Nederlands 

In de 20ste eeuw is de levensverwachting in West-Europa, de Verenigde Staten en Japan met 

ongeveer 30 jaar toegenomen. De laatste decennia is deze winst vooral te danken aan lagere 

sterfte op hoge leeftijd. Dit roept de vraag op of de verbetering van de gezondheid alleen 

sterfte of ook fysieke en cognitieve beperkingen uitstelt. Met andere woorden: met 

toenemende levensverwachting, met hoeveel neemt het aantal jaren met beperkingen toe ? 

Als enkel sterfte wordt uitgesteld, maar niet de leeftijd waarbij beperkingen optreden, gaat 

levensverlenging gepaard met een grote toename van de levensduur met beperkingen. 

Eerdere studies hebben aangetoond dat leefstijlfactoren zoals roken, BMI en opleiding een 

belangrijke rol spelen bij de kans op beperkingen. Dit proefschrift gebruikt multistate 

sterftetafels om het effect van leefstijlfactoren op de duur van beperkingen te bestuderen. 

 

De belangrijkste onderzoeksvragen van dit proefschrift zijn: 

1) Wat is de invloed van risicofactoren op levensverwachting met en zonder 

lichamelijke of cognitieve beperkingen? 

2) Hoe is de toe- of afname van beperkingen door risicofactoren verdeeld over 

individuen?  

3) Hoe gevoelig is levensverwachting met en zonder beperkingen voor veranderingen in 

sterfte, incidentie en herstel? 

Om deze vragen te beantwoorden gebruiken we gegevens van de Amerikaanse Health and 

Retirement Study (HRS), een longitudinale studie die ongeveer 30.000 respondenten om de 

twee jaar interviewt over onder andere hun gezondheidstoestand. We gebruiken 7 rondes 

van 1992 tot en met 2004 en beperken ons tot de blanke bevolking van 55 jaar en ouder. De 

risicofactoren hier geanalyseerd zijn roken, BMI en opleiding. In de analyse naar cognitief 

verval wordt ook ras meegenomen. 
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Een longitudinale studie betekent dat we dezelfde onderzoekspersonen volgen over tijd en 

leeftijd. In de HRS gebeurt dit door middel van herhaalde interviews en het registreren van 

overlijden van de onderzoekspersonen. Door het longitudinale karakter, kunnen we 

methoden gebruiken die oorzaak-gevolg relaties analyseren. Het effect van risicofactoren op 

transitiekansen wordt uitgedrukt met Cox proportionele hazard ratios. Leeftijdspecifieke 

transitiekansen kunnen worden uitgedrukt in levensverwachting. Door middel van multistate 

sterftetafel analyses kan levensverwachting met en zonder beperkingen worden geschat, dat 

incidentie, herstel en sterfte in intuïtieve maten samenvat. Het effect van risicofactoren kan 

uitgedrukt worden in termen van winst of verlies van levensjaren met en zonder 

beperkingen. 

 

In hoofdstuk 2 van dit proefschrift, kijken we eerst alleen naar het effect van de 

risicofactoren op sterfte. Het meest verrassende resultaat is dat overgewicht en 

zwaarlijvigheid niet leiden tot oversterfte. Levensverwachting bij overgewicht (BMI 25-29.9) 

is significant langer dan bij laag normaal gewicht (BMI 18.5-22.9). Alleen ernstige 

zwaarlijvigheid (BMI 35 of meer) verhoogt sterfte en verlaagt dus de levensverwachting. 

Aangezien het percentage mensen met ernstige zwaarlijvigheid toch nog relatief klein is, zelfs 

in de Amerikaanse HRS, is het effect op de levensverwachting van de totale bevolking 

gering. Roken of laag opleidingsniveau hebben een veel grotere impact op levensverwachting 

dan BMI.   

 

In hoofdstuk 3 bestuderen we de invloed van risicofactoren op de kans op lichamelijke 

beperkingen en levensjaren met beperkingen. De proportionele hazard ratios laten duidelijk 

zien dat de kans op beperkingen sterk toeneemt bij overgewicht en zwaarlijvigheid. 

Aangezien sterfte niet of nauwelijks toeneemt bij stijgende BMI, zorgt een hogere BMI voor 

meer jaren met lichamelijke beperkingen. Matig zwaarlijvige mannen leven gemiddeld 2 jaar 

langer met beperkingen na hun 55ste dan mannen met normaal gewicht. Voor vrouwen is dat 

verschil maar liefst 3,2 jaar. Roken heeft het tegenovergestelde effect. Doordat rokers 

gemiddeld jonger sterven, leven ze minder jaren met lichamelijke beperkingen: rokende 
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mannen en vrouwen leven respectievelijk 1,3 en 1,4 jaar minder met beperkingen dan 

mannen en vrouwen die nooit gerookt hebben. Een hoge opleiding biedt het beste 

perspectief: het verlengt zowel totale levensverwachting als levensverwachting zonder 

beperkingen. 

 

Hoofdstuk 4 bestudeert het effect van risicofactoren op cognitief verval. De HRS gebruikt 

een telefonische vragenlijst gebaseerd op de MMSE (Mini Mental State Examination), die 

bestaat uit 35 vragen om het cognitief vermogen te testen. Bij het correct antwoorden van 8 

vragen of minder, definiëren we een persoon als cognitief beperkt. De analyses laten geen 

duidelijk effect zien van roken of BMI op cognitief verval. De effecten van opleidingsniveau 

en etniciteit zijn wel significant en indrukwekkend. Afro-Amerikaanse mannen en vrouwen 

van leeftijd 55 tot 75 hebben respectievelijk 196 en 192 % meer kans op cognitieve 

beperkingen dan blanken. Hoewel hun levensverwachting korter is, leven ze gemiddeld meer 

jaren met cognitieve beperkingen. Een hoog opleidingsniveau heeft een tegenovergesteld 

effect: een langer leven, maar minder jaren met cognitieve beperkingen. Dit komt omdat 

hoog opleidingsniveau de incidentie verlaagt, maar eenmaal cognitief beperkt de sterftekans 

verhoogt. Dit resultaat is in lijn met de in de literatuur beschreven ‘cognitieve reserve 

hypothese’ die stelt dat hoogopgeleiden meer cognitieve reserves hebben en daarom 

aantoonbaar cognitief verval en geheugenverlies langer kunnen uitstellen. Er is geen verband 

tussen hoge opleiding en objectief aantoonbare schade aan de hersenen, maar hoog 

opgeleide mensen kunnen deze schade beter compenseren. Zodra deze mensen de grens van 

klinische dementie hebben bereikt, is het stadium van aftakeling van de hersenen verder 

gevorderd bij hoger dan bij lager geschoolden en zullen ze sneller overlijden.  

 

In de eerste hoofdstukken zijn de effecten van risicofactoren benaderd vanuit het perspectief 

van een geheel cohort. De resulterende levensverwachtingen geven gemiddelden aan van 

velerlei verschillende individuele trajecten. Hoofdstuk 5 analyseert het effect van 

risicofactoren op die individuele trajecten. We passen microsimulatie toe om de verdeling 

van gezondheidstrajecten te verkrijgen die door toeval ontstaan. Aangezien we, evenals in de 



 
 
136 

eerdere cohortbenadering, uitgaan van transitiekansen, zijn de resultaten van de 

microsimulatie consistent met die uit de cohort multistate analyses. De microsimulatie-

resultaten laten zien dat de risicofactoren duidelijk van invloed zijn op de individuele 

gezondheidstrajecten. Zo is de kans voor rokers om ooit lichamelijk beperkt te raken kleiner 

dan voor niet-rokers. Zwaarlijvige mannen en vrouwen hebben de hoogste kans op een 

lichamelijke beperking, namelijk 65,4 en 73%.  

 

In het laatste empirische hoofdstuk, passen we gevoeligheidsanalyse toe op het multistate 

model. Analytische gevoeligheidsanalyse is eleganter dan numerieke gevoeligheidsanalyse, 

omdat het inzicht geeft in het onderliggende mechanisme bij een kleine verandering in de 

parameters. We differentiëren de multitstate sterftetafel functies en zijn met name 

geïnteresseerd in de gevoeligheid van levensverwachting op veranderingen in de 

onderliggende transitiekansen. De gevoeligheidsanalyse kan aantonen op welke leeftijd een 

interventie de grootste invloed heeft. De mate waarin levensverwachting (met of zonder 

beperking) verandert door een 1% verandering in één van de transitiekansen, drukken we uit 

in elasticiteit. Elasticiteiten kunnen gebruikt worden om te kijken welke transitiekansen de 

meeste impact hebben op levensverwachting, met of zonder beperkingen.  

 

Het besluitende hoofdstuk 7 vat de belangrijkste bevindingen samen. We gaan in op de 

aanpak en onderzoeksmethoden, de bijdragen van dit onderzoek aan de bestaande kennis en 

de mogelijkheden voor verbetering. De multistate benadering is de spil van deze studie. De 

multistate sterftetafel is een bewerkelijke techniek en de betrouwbaarheid van de uitkomsten 

is afhankelijk van de nauwkeurigheid van de schatting van de transitiekansen, een niet 

eenvoudige taak. Ook rust de analyse op de aanname dat de transitiekans naar een andere 

toestand alleen bepaald wordt door de huidige toestand en de leefstijl op leeftijd 55 of aan 

het begin van de waarneming. Effecten van wat daarvoor of daarna gebeurt, zoals  

veranderingen in leefstijl, worden niet meegenomen. Bij gezondheidstrajecten en met de 

leeftijd toenemende kwetsbaarheid is dat niet zo waarschijnlijk. Dat verdient nader 

onderzoek, en meer data.  
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De multistate benadering vereist zeer veel data. We zijn selectief geweest in de keuze van 

risicofactoren en houden de risicofactor constant gedurende de surveyperiode. Voor causale 

uitspraken over tijdsafhankelijke risicofactoren is een langere waarnemingsduur nodig. 

Niettegenstaande de relatief grote steekproefomvang van de HRS kunnen geen statistisch 

significante uitspraken worden gedaan over effecten van veranderingen in risicofactoren. Bij 

het beschikbaar komen van meerdere ronden van de Europese SHARE data, die een 

soortgelijke opzet als de HRS kent, is het interessant om soortgelijke multistate analyses toe 

te passen en de Amerikaanse en Europese resultaten te vergelijken. 

 

Effecten van risicofactoren worden zelden uitgedrukt in termen van “goede en slechte” 

jaren, jaren geleefd met of zonder beperkingen. De volkswijsheid zegt dat iedereen oud wil 

worden, maar niemand oud wil zijn. Een hoge leeftijd komt namelijk met gebreken. De 

aanpak van deze studie informeert niet alleen beleidsmakers maar ook de gewone mensen, 

zowel over oud worden als over oud zijn, door de duur van het leven met of zonder 

beperkingen te schatten. Rokers leven korter zonder beperkingen: ze zijn niet lang oud. Maar 

ze leven ook veel korter zonder beperkingen: ze worden niet oud. (Matige) dikkerds worden 

wel oud, maar zijn dan ook oud (met beperkingen). Een hoge opleiding combineert het beste 

van beide werelden. Hoog opgeleide mensen mogen verwachten erg oud te worden, en toch 

niet zo lang oud te zijn. Ondanks hun hoge levensverwachting, leven ze niet zo lang met 

(cognitieve) beperkingen. Dit is een belangrijke bijdrage.  

  


