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Abstract 

Background The processes that underlie aging may advance at different rates in different individuals and an advanced 
biological age, relative to the chronological age, is associated with increased risk of disease and death. Here we set 
out to quantify the extent to which heterogeneous aging shapes health outcomes in midlife by following a Swedish 
birth-cohort and using parental age at death as a proxy for biological age in the offspring.

Methods We followed a nationwide Swedish birth cohort (N = 89,688) between the ages of 39 and 66 years with respect 
to hospitalizations and death. Cox regressions were used to quantify the association, in the offspring, between parental 
age at death and all-cause mortality, as well as hospitalization for conditions belonging to the 10 most common ICD-10 
chapters.

Results Longer parental lifespan was consistently associated with reduced risks of hospitalization and all-cause mor-
tality. Differences in risk were mostly evident from before the age of 50 and persisted throughout the follow-up. Each 
additional decade of parental survival decreased the risk of offspring all-cause mortality by 22% and risks of hospitali-
zations by 9 to 20% across the 10 diseases categories considered. The number of deaths and hospitalizations attribut-
able to having parents not living until old age were 1500 (22%) and 11,000 (11%) respectively.

Conclusions Our findings highlight that increased parental lifespan is consistently associated with health benefits 
in the offspring across multiple outcomes and suggests that heterogeneous aging processes have clinical implica-
tions already in midlife.
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Introduction
Age is a major risk factor for morbidity and mortality [1] 
and interventions aiming at slowing down the pace of 
aging hold great promise of prolonging both the health 

span (period of life spent without major illnesses) and 
the lifespan (age at death) [2, 3]. Aging is not a unitary 
process and theories of aging have postulated a number 
of different, but interdependent, mechanistic processes 
through which aging manifests [4–7]. How these aging-
related processes can be controlled is just beginning to be 
understood [6], but it is clear that they may evolve dif-
ferently both within and between individuals; thus gen-
erating the heterogeneous phenotype of aging. Indeed, 
at the population level, some individuals age faster than 
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others, as evidenced by the substantial variability in vari-
ous measures of aging among people of the same chrono-
logical age [8, 9] as well as in the large variability of age 
at death [10]. The concept of “biological age” has been 
used to capture the state of aging and to differentiate it 
from chronological age e.g, [11–13]; a biological age that 
is higher than the chronological age implies increased 
risk of disease and death. Given the multifaceted nature 
of the aging process, it is not surprising that biological 
age is co-determined by a large number of factors. On the 
one hand, there are multiple genetic and environmental 
determinants of biological age [14], and, on the other 
hand, biological age is also dependent on events and 
behaviors occurring throughout the life course [15–17].

While age-related deterioration may be most obvi-
ous at older ages, variability in measures of aging have 
been shown in studies also on people of working-ages 
[8, 18, 19]. However, the extent to which morbidity 
and mortality in the working-age population can be 
accounted for by variability in biological age is not fully 
known, but could provide important information for a 
fuller understanding of disease etiologies. Moreover, 
such knowledge could be used in shaping more equi-
table healthcare policies [20], and for estimating the 
potential benefits of anti-aging interventions. In this 
work we aim at quantifying the health consequences of 
heterogeneous aging in working ages by investigating 
the following questions: i) Which disease categories 
have an incidence associated with biological age? ii) At 
what ages do such associations first become apparent? 
iii) To what extent are these associations graded? iv) 
How much of the total burden of disease and mortality 
can be accounted for by heterogeneity in aging?

Although the first three questions have been sepa-
rately addressed in prior research (see below and Dis-
cussion), the fourth question has not been addressed 
previously. Thus, here we aim to replicate and unify 
previous research findings by addressing the first three 
questions simultaneously; and moreover, to extend pre-
vious research by quantifying the disease and mortality 
burden, at the population level, attributable to heteroge-
neous aging. We also hope that the use of biological age 
as a lens through which to interpret risk differences for 
a wide range of health outcomes may be found useful to 
others cf [21].

Probing the effects of heterogeneous aging on disease 
and death in a population is somewhat challenging as 
aging and the risk of age-related diseases likely are intrin-
sically connected, i.e., generated by the same underlying 
mechanisms [21, 22]. Indeed, that age-related diseases are 
related to age is tautological, and associations between 
biomarkers of aging and incidence of age-related dis-
eases and death will be confounded if the biomarkers 

themselves are caused by the same processes that cause 
disease and death. To bypass this potential source of con-
founding, here we instead draw upon the known inherit-
ance of lifespans and use parental age at death as a proxy 
for biological age in the offspring cf [23, 24]. It has been 
long observed that lifespans of parents and their offspring 
are positively associated [25], and the association moreo-
ver seems to be graded i.e., mortality risks in the offspring 
decrease in a roughly linear manner with increasing 
parental age at death [26]. The inheritance of lifespans is 
likely mediated by several interdependent mechanisms: in 
part it has genetic underpinnings [23, 24, 27, 28], some-
thing which reasonably can be interpreted as heritabil-
ity of “pace of aging”. Inheritance of lifespan is also likely 
mediated by the known inheritance of socioeconomic 
conditions [29], here widely construed. Recent findings 
indicate that socioeconomic differences may also mani-
fest as heterogeneous aging, further supporting our use of 
parental age at death as a proxy for biological age in the 
offspring (see also Discussion) [17, 30].

Here we use data from an almost complete 
national Swedish birth cohort of people born in 1953 
(N = 110,006). For more than 95% of cohort members 
we identify both parents, and their age at death when 
deceased, resulting in a large and representative sam-
ple. We use a longitudinal design where cohort mem-
bers were followed for up to 28 years during midlife with 
respect to mortality and hospitalization for the 10 most 
common disease categories, thus allowing for broad and 
unbiased quantification of the temporal development of 
health consequences associated with heterogeneities in 
aging.

No single previous study has investigated all these 
research questions but some studies have addressed very 
related issues. Studies contrasting offspring from excep-
tionally long-lived families with controls have consist-
ently shown that risk of disease, as well as risk of death, 
is lower in probands from long-lived families [31–36]. 
These studies show that members of longevous fami-
lies inherit a propensity for a slower pace of aging. If 
this finding is better accounted for by a categorical dif-
ference between longevous families and controls (e.g. 
“longevity genes”) or by the inheritance of pace of aging 
as a continuous trait, with longevous families represent-
ing the tail of the distribution, is still a somewhat open 
question. Studies that have investigated the intergenera-
tional transmission of lifespan more generally support 
the latter account, and show that parental lifespan pre-
dicts morbidity and mortality in the offspring in a more 
graded fashion [26, 37, 38]. In addition to addressing the 
research questions stated above, we also hope to provide 
empirical results that can be used to further distinguish 
these competing hypotheses.
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Data & Methods
Data materials
We draw on data from the longitudinal research pro-
gramme Reproduction of Inequality through Linked 
Lives (RELINK-53) [39]. In particular, we used data per-
taining to all persons born in 1953 that lived in Sweden in 
1960, 1965 and/or 1968 (N = 110,006, referred to as index 
persons in the following), and their parents (N = 213,883). 
The particular sample and variables used are detailed 
below.

Personal identification numbers were used to create 
individual-level linkages from index persons to regis-
tries belonging to Sweden’s official statistics. Information 
about in-patient care and mortality was retrieved from 
the National Patient Registry (Patientregistret) and 
Causes of Death Registry (Dödsorsaksregistret) respec-
tively, both administered by the National Board of Health 
and Welfare. From Statistics Sweden (SCB) data on bio-
logical parents were retrieved from the Multigeneration 
registry, data on migration and civil status from the Total 
Population Registry, and data on educational attainment 
from the Longitudinal Integrated Database for Health 
Insurance and Labor Market Studies. Since linkages 
between index persons and parents had a lower coverage 
for index persons that died between 1966 and 1991, we 
restricted the sample to index persons alive in 1992. We 
used an age-based follow-up and start of follow-up, for 
each index person, was set to the first day of the month 
in which the index person had their birthday in 1992 
(we did not have access to the exact day of birth). Data 
on migration were available for the entire cohort up until 
2016. For year 2017–2019 migration status was imputed 
from information on civil status. Full-coverage in-patient 
and mortality data was available until end of December 
2019 which resulted in a 27 to 28 years follow-up period 
between the cohort member’s 39th birthday in 1992 and 
the 31st of December 2019.

A number of exclusion criteria were applied in order to 
derive the final analytical sample as outlined below (see 
Fig. S1 for exact number of persons excluded in each 
step). Parents and index persons that emigrated from 
Sweden before 1992 and did not return before start of 
follow-up were excluded. Index persons who emigrated 
after 1992 were followed until their date of emigration in 
the survival analyses. Index persons who died before the 
start of follow-up were removed as were those with miss-
ing information on education. Moreover, index persons 
without information on both parents were removed since 
our main exposure in the regression analyses (see below) 
is mean parental attained age. Parental survival above 
the age of 55 was set as the lower threshold for paren-
tal attained age and index persons with parents who died 
before age 55 were excluded. This was done to separate 

the potential difference between premature deaths and 
deaths that could be attributed to the normal aging pro-
cess, and to minimize the possible effects of early paren-
tal bereavement. Including index persons with at least 
one parent who died before age 55 in the analysis did not 
change results qualitatively (not shown). Parents who, 
according to the official records, lived to be more than 
115 years old were excluded as these cases are likely to 
reflect persons who de facto have emigrated from Swe-
den but still appear as residents in the registers [40]. The 
final sample consisted of 89,688 index persons and their 
179,376 parents.

Procedures
In-patient care records were obtained from the Swed-
ish National Patient Registry and were used as indica-
tors of disease among the index persons. The National 
Patient Registry uses the Swedish version of the World 
Health Organization’s International Classification of Dis-
eases (ICD) framework, with version 9 of the ICD in use 
between 1987 and 1996. After 1996, diagnoses related 
to in-patient care were coded according to ICD-10. In-
patient care visits between 1992 and 1996 were converted 
from ICD-9 to ICD-10 codes.

To classify in-patient care records into disease catego-
ries, the chapter structure of the ICD-10 was used. ICD 
codes belonging to the 10 most common ICD-10 chap-
ters in this birth cohort were included in the study (see 
Table 2). We retrieved information on all-cause mortal-
ity for both index persons and parents from the National 
Cause of Death registry. For the parents our main inter-
est was in age at death; however, some parents were still 
alive at the end of follow-up (n = 17,221, 10%) and we 
therefore used “parental attained age”, which was taken 
as age at death, or in cases where parents were still alive, 
their age on the 21st of May 2021 (which was the last 
date for which we had mortality data). The minimum age 
of parents who were still alive at this date was 80 years. 
Index persons’ vital statuses were followed until the end 
of December 2019 as this was the last date for which 
we had data on both morbidity and mortality. Thus, the 
31th of December 2019 is the last possible day of follow-
up for the index persons. Most results are presented as 
a function of the average attained parental age, i.e., the 
arithmetic mean of parents’ attained ages. For visuali-
zation, average attained age was divided into quartiles: 
Quartile 1: 55.8–76.5 years, Quartile 2: 76.5–82 years, 
Quartile 3: 82–86.9 years, Quartile 4: 86.9–108 years. 
In the supplementary material we show the results also 
for a chronologically based categorization as well as for 
quartiles starting from 65 years of parental attained age 
(Figs. S2-S5).
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Statistical analysis
All‑cause mortality
Cox proportional hazard models were used to quantify 
the association between average parental attained age and 
the hazard of death. In the crude model, hazard of death 
was modelled as a function of average parental attained 
age in decades. In the stratified model, we allowed the 
baseline hazard to depend on education, sex and parental 
birth year by stratifying on these variables. Educational 
attainment reflected the cohort member’s level of edu-
cation in the year 1990 (at age 37) and was divided into 
three categories: elementary school (n = 21,216), upper 
secondary school (n = 41,260) and post-secondary educa-
tion (n = 27,212). Mothers’ birth years (range 1903–1939) 
and fathers’ birth years (range 1877–1938) were divided 
into quartiles and entered into the analyses separately. To 
visualize the results, cumulative hazard curves were esti-
mated for men and women and the four quartiles of aver-
age parental attained age separately (see Fig. 1).

Hospitalizations
To estimate the risk of hospitalization we adopted a com-
peting risks framework where, for each included ICD-10 
chapter separately, follow-up was from the date of the 
index person’s 39th birthday until: emigration, death, 

diagnosis of interest, or end of follow-up, whichever 
came first. Hospitalization, death and emigration were 
considered competing events. Crude and stratified Cox 
proportional hazard models were used to estimate the 
effect of average parental attained age on the hazard of 
hospitalization analogously to the analysis of all-cause 
mortality. For visualization, the risks of hospitalization 
are illustrated by cumulative hazards curves, shown 
as functions of average parental attained age divided in 
quartiles for both genders combined.

Onsets of risk differences
To identify the age at which the association between 
parental age at death and risk of all-cause mortality and 
hospitalization first became noticeable, we recursively 
applied log-rank tests, testing for risk difference between 
the four age-quartiles, to data from each ICD-10 chapter 
and mortality separately. Thus, the first test, for a given 
outcome, included the complete follow-up, i.e. until last of 
December 2019. If this test was significant (at 𝑝 < 0.001), 
a new test was made based on follow-up until last of 
December 2018. This sequence was then repeated until a 
non-significant test was obtained. The last age for which a 
significant test was obtained was taken as the onset of the 
risk difference.

Fig. 1 Cumulative hazards of index persons’ all-cause mortality (1-survival), stratified by quartiles of average parental attained age. Note: Quartiles 
are represented by colors. “Error bars” in bottom of plots show time period during which there was a statistically significant (p < 0.001) difference 
between curves according to log-rank tests (see Methods)
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Characterizing the impact of parental attained age
The results from the Cox models are expressed in 
terms of relative hazards rates, and to describe the 
magnitude of the association in, perhaps, more inter-
pretable terms, we generated non-parametric predic-
tions of the expected number of deaths and hospital 
admissions under the hypothetical scenario that eve-
ryone had parents who lived into the fourth age quar-
tile. The predictions were generated by assuming 
that the association between parental attained age 
and risk of all-cause mortality and hospitalization is 
a causal one, after stratifying for educational attain-
ment and sex. Under this assumption we can estimate 
the (hypothetical) effect size by resampling from the 
observed data. For example, if the group of men with 
elementary school education and average parental 
attained age in the first quartile, consisted of m per-
sons, then, the expected number of deaths in this 
group, given that they would all have had average 
parental attained age in the fourth quartile, can be 
estimated by sampling m persons (with replacement) 
from the group of men with elementary school educa-
tion and parental attained age in the fourth quartile. 
To reduce sampling errors, we used the average of 20 
resamples. For mortality, the predictions from this 
procedure correspond closely to predictions from the 
corresponding Cox model. For hospitalizations, pre-
dictions based on the Cox model are harder to make 
without making additional assumptions. Note that 
we are not claiming that the effects we report in fact 
are causal effects; what we do is to provide an answer 
to the hypothetical question: “if the associations we 
observe would be causal, what would the effect be of 
making all people in the data have parents who lived 
into the fourth quartile?”

Software
All computations were made in R [41]. Survival models 
were estimated using the survival package for R [42] and 
plots were made using the ggplot2 package [43]. Neces-
sary data and R-code to reproduce the figures and tables 
will be made available upon publication.

Results
The main results reported are based on data from 89,688 
people, all born in 1953, who were followed for a maxi-
mum of 28 years when they were between the ages of 39 
to 66. The main independent variable is the average of the 
parents’ attained age. Analyses where the attained ages of 
mothers and fathers were entered separately gave similar 
results (Figs. S6-S9) and for conciseness we use the aver-
age attained age here.

All‑cause mortality
Nine percent of the index persons died during follow-up, 
4971 of which were men, and 3129 women. The risk of 
dying was associated with parental attained age (Fig. 1). 
Indeed, the cumulative hazard curves show an orderly 
decrease in the risk of death with increasing parental 
attained age. As indicated by the horizontal bars, the 
risks of death differ between the quartiles from relatively 
young ages: in the early forties for men and mid-forties 
for women.

To further quantify the association between risk of 
death and parental attained age, regression models were 
fit to the data (see Methods), and are reported in Table 1. 
Increasing average parental attained age by a decade 
corresponded to a 25% reduction in hazard rates in the 
crude models. Stratifying by educational attainment, sex, 
and parent’s birth years had only minor effects on hazard 
ratios (Table 1).

Hospitalization
During follow-up, there were in total 95,491 records of 
in-patient care under a diagnosis corresponding to one 
of the 10 ICD-10 chapters we investigated. This corre-
sponded to care occasions for 53,052 unique individuals, 
27,071 of which were men, and 25,981 women; implying 
that approximately 59% of both men and women were 
hospitalized at least once during follow-up. Note that this 
also means that many were hospitalized more than once, 
i.e., for diagnoses from more than one chapter, and that 
41% of index persons were not hospitalized with any diag-
nosis belonging to the ICD-10 chapters we investigated 
here. The number of first-time hospitalizations per ICD-
10 chapter and by parental attained age is presented in 
Table 2. For most diagnoses, the fraction of in-patient care 
occasions was lower among index persons whose parents 
belonged to the fourth quartile of parental attained age.

To study the risk of hospitalization in more detail we 
did competing risk analyses for the 10 ICD chapters 
separately. Figure  2 illustrates how the risk of hospi-
talization varied with parental attained age, and show 
parental-age-dependent risks for all included ICD chap-
ters. Figs. S10 and S11 shows corresponding results for 

Table 1 Stratified and crude estimates from Cox regression on 
all-cause mortality on average parental attained age

Hazard ratios (HRs) are in units of per decade of average parental attained age. 
The stratified model was stratified by sex, educational attainment and parental 
years of birth (see Method)

Stratified Model Crude Model

HR 95% CI p‑value HR 95%CI p‑value

0.78 0.76–0.81 <2e-16 0.75 0.72–0.77 <2e-16
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men and women separately. Indeed, increasing parental 
attained age is consistently associated with a decreased 
risk of hospitalization. This is particularly clear for chap-
ter  9 (diseases of the circulatory system) and chapter  5 
(mental and behavioral disorders). Figure  2 also shows 
that the risk curves start to diverge well before age 50 for 
all disease categories except for chapter 2 (Neoplasms).

To further quantify how the risk of hospitalization var-
ied with parental attained age, regression models were fit 
to the data (Methods), and results are shown in Table 3 
and Fig.  3. These results confirm the impression from 
the plots: for all 10 ICD-10 chapters the hazard ratios 
were clearly below 1. For 8 out of 10 included chapters, 
one additional decade of parental survival decreased the 
hazard ratio by 10% or more. Stratifying by sex, edu-
cation, and parental year of birth reduced the hazard 
rates slightly, but all associations were still statistically 
significant.

Impact
To better interpret the magnitude of the associations 
between parental age at death and all-cause mortality 
and morbidity among offspring, we next asked what the 
(counterfactual) reduction in number of deaths, and hos-
pitalizations, would have been if everyone in the cohort 
would have had parents who lived into the oldest age 
quartile (86.9–108 years). This showed that on average 
22% of deaths in the population (corresponding to about 
1500 cases) would have been avoided under this scenario. 
For hospitalizations, the corresponding number was 11% 

(corresponding to a reduction of about 11,000 cases of 
first-time hospitalizations).

Sensitivity analyses
Sensitivity analyses for the Cox regression models were 
made which included the full range of parental attained 
ages that were available in the dataset (ie. the lower 
threshold of 55 for attained age was removed). Further-
more, a sensitivity analysis which excluded parents who 
were still alive at the end of follow-up (n = 17,221) was 
made to ensure that the findings were not driven by the 
parents who were still alive. The results from these anal-
yses showed similar results as those presented above 
(not shown).

Discussion
We have investigated how variability in parental attained 
age, as a proxy for offspring biological age, is related to 
the manifestation of disease and all-cause mortality in 
a Swedish nation-wide birth-cohort of people followed 
between ages 39–66 years. We found that increased 
parental attained age was consistently linked to reduced 
risks of being hospitalized for conditions belonging to 
the 10 most common ICD chapters, as well as to reduced 
risk of all-cause mortality during the follow-up. Interest-
ingly, the magnitude of risk modulation differed between 
the 10 disease categories. Cardiovascular disease and 
mental and behavioral disorders showed the largest 
dependence on parental attained age whereas neoplasms 
showed the least (see Figs. 2, 3 and Table 3). When index 

Table 2 Number of first-time hospitalizations per ICD-10 chapter during follow-up by quartiles of average parental attained age

Parental age distribution in each quartile (Q): Q1: 55.8–76.5; Q2: 76.5–82; Q3: 82–86.9; Q4: 86.9–108. We have abbreviated the names of the corresponding ICD- 
chapters. ICD10-codes used for each included chapter are shown in parenthesis. ICD9 codes used were the following: Infectious: 001–139, Neoplasms: 140–239, 
Endocrine:240–279, Mental & Behavioral:290–319, Nervous system: 320–389, Circulatory system: 390–459, Respiratory system: 460–519, Digestive system: 520–579, 
Genitourinary system: 580–629, Musculoskeletal system: 710–739

ICD‑10 Chapter Mean Parental Attained Age

Q1 Q2 Q3 Q4 Total

n % n % n % n % n

Index persons 22,414 25% 22,444 25% 22,418 25% 22,412 25% 89,688

1: Infectious & parasitic (A00-B99) 1355 6% 1319 6% 1226 6% 983 4% 4883

2: Neoplasms (C00-D48) 3644 16% 3611 16% 3454 15% 3256 16% 13,965

4: Endocrine, nutritional & metabolic (E00-E90) 1204 5% 1054 5% 919 4% 823 4% 4000

5: Mental & Behavioral (F00-F99) 2033 9% 1674 8% 1441 6% 1234 6% 6382

6: Nervous system (G00-G99) 1483 7% 1335 6% 1212 5% 1098 5% 5128

9: Circulatory system (I00-I99) 4714 21% 4102 18% 3705 17% 3146 14% 15,667

10: Respiratory system (J00-J99) 2116 9% 1894 8% 1740 8% 1523 7% 7273

11: Digestive system (K00-K93) 4173 19% 3980 18% 3711 17% 3425 15% 15,289

13: Musculoskeletal & conn. tissue (M00-M99) 3472 16% 3303 15% 3125 14% 2884 13% 12,784

14: Genitourinary system (N00-N99) 2743 12% 2676 12% 2461 11% 2240 10% 10,120
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Fig. 2 Cumulative hazards of index persons’ hospitalization, stratified by quartiles of average parental attained age. Note: Quartiles are represented 
by colors. “Error bars” in bottom of plots show time period during which there was a statistically significant (p < 0.001) difference between curves 
according to log-rank tests (see Methods)
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persons were divided into quartiles based on their par-
ents’ attained ages, differences in risks of hospitalization 
and death became apparent well before the index per-
sons turned 50 years of age. To quantify the magnitude of 
the association we showed that a hypothetical scenario, 
where everyone in the cohort had parents who lived into 
the fourth age-quartile, led to a reduction of deaths with 
22% and disease incidence with 11%. Arguably, these are 
quite sizable effects, highlighting the potential power of 
anti-aging strategies for improving public health.

Some previous studies have investigated the associa-
tion between parental age at death and health outcomes 
in offspring of a similar age range as we did here. Dutta 
et  al. [26] studied a US sample of 6000 persons, aged 
51–61 at start of follow-up, and found inverse associa-
tions between parental age at death and risk of death as 
well as incidence of cancer, diabetes, heart disease, and 
stroke in the offspring. The magnitude of the associations 
they reported were similar to the ones we found here. 
Atkins et al. [37] followed 186,000 participants in the UK 
Biobank, who were 55–73 years of age at start of follow-
up. They found that parents’ ages of death were inversely 
related to the risk of developing a number of cardiovas-
cular outcomes, with associations of similar magnitude 
to the ones we report here. Christensen et  al. [31] con-
trasted the risk of death, and disease incidence, in chil-
dren and grandchildren from long-lived Danish families 
with a matched sample from the general (Danish) popu-
lation. They used hospitalizations for a large number of 
different conditions, divided into ICD-chapters, as out-
comes, and found that children, and to a lesser extent, 
grandchildren, from long-lived families had a markedly 
reduced risk for mortality as well as risk for hospitaliza-
tion for a majority of the ICD-chapters. The age range of 
the children (offspring) in the study of Christensen et al. 

[31] was similar to ours, albeit with a younger minimum 
age. Interestingly, the grandchildren generation were 
aged 0–49 during follow-up, and their risk of all-cause 
mortality as well risk of hospitalization for conditions 
belonging to a number of ICD-10 chapters, was reduced 
compared to the control group. This is in line with our 
results showing that differences in risks of death and dis-
ease incidence appeared before age 50 for all conditions 
except neoplasms. Our study extends the results from 
these previous studies in several ways. Firstly, by follow-
ing a (almost) complete national birth cohort, we make 
certain that the magnitudes of the reported associations 
are representative for the population. Secondly, by fol-
lowing a large sample, all born the same year, we are able 
to better follow the development of the risk differences as 
they change as a function of age (Figs. 1 and 2). Thirdly, 
we show that the risk-modulation by parental attained 
age is not exclusively due to some special features of 
long-lived families but rather seem to be a graded effect 
more widely present in the population. For example, for 
diseases of the circulatory system the difference in cumu-
lative hazards between the first and the second quartiles 
is of similar magnitude as that between the third and 
fourth, throughout most of the follow-up period (Fig. 2). 
Whereas similar results have previously been shown for 
mortality [38], our study is the first to show that also 
morbidity risks are modulated in a “graded fashion”. 
Fourthly, we show that heterogeneous aging inherited 
from previous generations may account for a sizeable 
fraction of the total burden of morbidity and mortality 
burden in working ages.

We argue that parental attained age (or age at death if 
available) might be a useful proxy for biological age in 
the offspring. Previous studies have shown that part of 
the inter-generational association in lifespan is genetic 

Table 3 Stratified and crude estimates from Cox regression for each ICD10-chapter on average parental attained age

Hazards ratios (HRs) are in units per decade for average parental attained age. Estimates are from models stratified by gender, education and parent’s birth 
years P-values are rounded. Note that 1e-3 = 0.0001

Stratified Crude

ICD‑10 chapter HR 95%CI p‑value HR 95%CI p‑value

1: Infectious & parasitic 0.86 (0.83–0.90) 4e-14 0.85 (0.81–0.88) 4e-1

2: Neoplasms 0.93 (0.91–0.96) 6e-09 0.93 (0.91–0.95) 3e-10

4: Endocrine, nutritional & metabolic 0.83 (0.80–0.87) 6e-18 0.80 (0.77–0.83) 3e-26

5: Mental & Behavioral 0.80 (0.77–0.82) 2e-41 0.76 (0.73–0.78) 8e-62

6: Nervous system 0.86 (0.82–0.89) 5e-16 0.84 (0.81–0.87) 1e-20

9: Circulatory system 0.80 (0.78–0.82) 2e-93 0.78 (0.77–0.80) 5e-113

10: Respiratory system 0.86 (0.83–0.88) 6e-22 0.83 (0.80–0.86) 5e-32

11: Digestive system 0.90 (0.88–0.92) 9e-21 0.88 (0.86–0.90) 3e-31

13: Musculoskeletal & conn.tissue 0.91 (0.89–0.93) 3e-15 0.89 (0.87–0.91) 5e-23

14: Genitourinary 0.90 (0.88–0.93) 1e-13 0.89 (0.86–0.91) 5e-19
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[27, 28, 44, 45], and genome-wide association stud-
ies (GWAS) have identified several loci associated with 
lifespan [23, 24]. This implies that offspring inherit a 
genetically transmitted propensity for living longer (or 
shorter) from their parents, and this may be interpreted 
as an inheritance of pace of aging. The “frailty model” 
developed by James Vaupel and co-workers provide a 
simple instantiation of this idea [46]. According to this 
model, heterogeneity of lifespans is partly caused by a 
“frailty factor” which acts multiplicatively on the mor-
tality rates. Thus, if the offspring inherit this “frailty” 
from their ancestors, they would also inherit a propen-
sity for a longer (or shorter) lifespan. Vaupel [47] showed 
that even a perfect inheritance of frailty may only lead 
to a modest inheritance of lifespan; in accordance with 
available data. We note that in our study, the mortality 
and morbidity risks seemingly depended on parental 
attained age in a multiplicative way; in good agreement 
with predictions from the frailty model. The interpreta-
tion of parental attained age as an indicator of biologi-
cal age in offspring is further supported by the results we 
report here showing a consistent and graded association 
between parental age at death and risk of most major 
diseases, as well as all-cause mortality. Additional sup-
port for this interpretation was provided by Christensen 
et  al. [31] who showed that inheritance of health- and 

lifespan in their study did not seem to be disease spe-
cific, but rather reflected “fundamentally slower aging”.

Given the known association between socioeconomic 
conditions and health and the fact that social conditions 
are often inherited [29], parental attained age will be 
associated with offspring health and lifespan also through 
“social” pathways. Interestingly, low socioeconomic sta-
tus has been shown to be connected to poor health out-
comes through a faster pace of aging [17, 30], indicating 
that biological aging reflects both social and biological 
determinants of health. This suggests that parental age at 
death is linked to biological aging in the offspring inde-
pendently of the mechanisms of inheritance, further 
supporting the use of parental age at death as a proxy of 
biological age in the offspring.

While parental attained age likely reflects both genetic 
and social factors influencing biological age, there are 
certainly other factors, such as individual behaviors and 
life course exposures that also contribute to variability in 
biological aging. Moreover, the exact age at which some-
one dies is dependent on many other things in addition 
to biological age, meaning that parental attained age is a 
noisy indicator of biological age in the offspring. As such, 
parental age at death might be of most use when studying 
aging at the population level. However, as measures of 
parental age at death are often readily available in existing 

Fig. 3 Hazard ratios per decade from stratified and crude models for each ICD-10 chapter. Note: Error bars show 95% confidence intervals (CI). 
Names of ICD-10 chapters are abbreviated
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data it is a useful complement to more direct measures 
of biological age. Future work should compare variability 
in biological aging accounted for by parental attained age 
to that accounted for by biomarkers of aging [48] to find 
more comprehensive ways to measure biological age.

Conclusions
The consistent and sizable associations between paren-
tal attained age and offspring morbidity and mortality 
in midlife we have described show that heterogeneity 
in aging inherited from previous generations may be an 
important component to consider when explaining and 
mitigating health disparities throughout the life course.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12877- 024- 04786-9.

Additional file 1: Figure S1. Description of the study sample selection. 
Figure S2. Cumulative hazards of index persons’ all-cause mortality, strati-
fied by parental attained age based on chronological age (n= 89 688). 
Figure S3. Cumulative hazards of index persons’ hospitalizations, stratified 
by parental attained age based on chronological age (n= 89 688). Figure 
S4. Cumulative hazards of index persons’ all-cause mortality, stratified by 
quartiles of average parental attained age where the lower threshold for 
parental age at death was set to 65. (N= 75274). Figure S5. Cumulative 
hazards of index persons’ hospitalizations, stratified by quartiles of average 
parental attained age where the lower threshold for parental age at death 
was set to 65. (N= 75274). Figure S6. Cumulative hazards of index persons’ 
all-cause mortality, stratified by quartiles of maternal and paternal attained 
age on the total population (n= 89 688). Figure S7. Cumulative hazards of 
index persons’ hospitalizations, stratified by quartiles of paternal attained 
age on the total population (n= 89688). Figure S8. Cumulative hazards of 
index persons’ hospitalizations, stratified by quartiles of maternal attained 
age on the total population (n= 89688). Figure S9. Hazard rate ratios for 
stratified regression models using paternal and maternal attained age 
as exposure variable. Figure S10. Cumulative hazards of index persons’ 
hospitalizations, stratified by quartiles of parents attained age, men (n= 
46048). Figure S11. Cumulative hazards of index persons’ hospitalizations, 
stratified by quartiles of parents attained age, women (n= 43640).

Acknowledgements
We would like to thank Can Liu for giving helpful comments on the manu-
script. We also acknowledge that preliminary results were reported in the 
master’s thesis of Anna [49].

Authors’ contributions
The authors confirm contribution to the paper as follows: A. L was responsible 
for the idea, main conceptualization, and methodology of the paper. A. L and 
A. T equally contributed to data curation and formal analyses, data visualiza-
tion, writing and reviewing.

Funding
Open access funding provided by Stockholm University. This work was 
supported by the Swedish Research Council for Health, Working Life and 
Welfare (grant number: 2016-07148_Forte) as a part of the RELINK project at 
Stockholm University.

Availability of data and materials
The datasets analyzed during the current study are not publicly available due 
to the Swedish regulations concerning individual register data. Code and 
aggregated data will be made available from the corresponding author upon 
publication.

Declarations

Ethics approval and consent to participate
The research reported here was approved by the regional ethical review board 
(Regionala Etikprövningsnämden i Stockholm) under the RELINK-53 project 
(no.2017/34–31/5; 2017/684–32). This study is based on register data belong-
ing to Sweden’s official statistics. The data utilized have been anonymized and 
de-identified by Statistics Sweden to protect the privacy and confidentiality of 
the participants. The authors of this study do not have access to the personal 
identities of the participants, and the requirement of informed consent was 
waived by the ethical review board as is customary in similar register studies.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 7 August 2023   Accepted: 6 February 2024

References
 1. Niccoli T, Partridge L. Ageing as a risk factor for disease. Curr Biol. 

2012;22(17):R741–52.
 2. Kennedy BK, Berger SL, Brunet A, Campisi J, Cuervo AM, Epel ES, et al. 

Geroscience: linking aging to chronic disease. Cell. 2014;159(4):709–13.
 3. Partridge L, Fuentealba M, Kennedy BK. The quest to slow ageing through 

drug discovery. Nat Rev Drug Discov. 2020;19(8):513–32.
 4. Kirkwood TB. Understanding the odd science of aging. Cell. 

2005;120(4):437–47.
 5. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hall-

marks of aging. Cell. 2013;153(6):1194–217.
 6. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. Hallmarks of 

aging: an expanding universe. Cell. 2023;186(2):243–78.
 7. Strehler BL. Time, cells, and aging. 2nd ed. New York: Academic Press; 

1977.
 8. Belsky DW, Caspi A, Houts R, Cohen HJ, Corcoran DL, Danese A, et al. 

Quantification of biological aging in young adults. Proc Natl Acad Sci 
USA. 2015;112(30):E4104–10.

 9. Lowsky DJ, Olshansky SJ, Bhattacharya J, Goldman DP. Heterogeneity in 
healthy aging. J Gerontol Series A: Biomed Sci Med Sci. 2014;69(6):640–9.

 10. Edwards RD, Tuljapurkar S. Inequality in life spans and a new perspective 
on mortality convergence across industrialized countries. Popul Dev Rev. 
2005;31(4):645–74.

 11. Comfort A. Test-battery to measure ageing-rate in man. Lancet. 
1969;294(7635):1411–5.

 12. Horvath S, Raj K. DNA methylation-based biomarkers and the epigenetic 
clock theory of ageing. Nat Rev Genet. 2018;19(6):371–84.

 13. Mitnitski A, Rockwood K. Aging as a process of deficit accumulation: its 
utility and origin. Interdiscip Top Gerontol. 2015;40:85–98.

 14. Tian YE, Cropley V, Maier AB, Lautenschlager NT, Breakspear M, Zalesky A. 
Heterogeneous aging across multiple organ systems and prediction of 
chronic disease and mortality. Nat Med. 2023;29(5):1221–31.

 15. Kuh D, Karunananthan S, Bergman H, Cooper R. A life-course approach 
to healthy ageing: maintaining physical capability. Proc Nutr Soc. 
2014;73(2):237–48.

 16. Poganik JR, Zhang B, Baht GS, Tyshkovskiy A, Deik A, Kerepesi C, et al. Bio-
logical age is increased by stress and restored upon recovery. Cell Metab. 
2023;35(5):807–820.e5.

 17. Sugden K, Moffitt TE, Arpawong TE, Arseneault L, Belsky DW, Corcoran DL, 
et al. Cross-national and cross-generational evidence that educational 
attainment may slow the pace of aging in European-descent individuals. 
J Gerontol B Psychol Sci Soc Sci. 2023:gbad056.

 18. Belsky DW, Caspi A, Corcoran DL, Sugden K, Poulton R, Arseneault L, et al. 
DunedinPACE a DNA methylation biomarker of the pace of aging. eLife. 
2022;14(11):e73420.

https://doi.org/10.1186/s12877-024-04786-9
https://doi.org/10.1186/s12877-024-04786-9


Page 11 of 11Thalén and Ledberg  BMC Geriatrics          (2024) 24:207  

 19. Moffitt TE, Belsky DW, Danese A, Poulton R, Caspi A. The longitudinal 
study of aging in human young adults: knowledge gaps and research 
agenda. J Gerontol A Biol Sci Med Sci. 2017;72(2):210–5.

 20. Elliott ML, Caspi A, Houts RM, Ambler A, Broadbent JM, Hancox RJ, et al. 
Disparities in the pace of biological aging among midlife adults of the 
same chronological age have implications for future frailty risk and policy. 
Nat Aging. 2021;1(3):295–308.

 21. Franceschi C, Garagnani P, Morsiani C, Conte M, Santoro A, Grignolio A, 
et al. The continuum of aging and age-related diseases: common mecha-
nisms but different rates. Front Med (Lausanne). 2018;5:61.

 22. Gladyshev TV, Gladyshev VN. A disease or not a disease? Aging as a 
pathology. Trends Mol Med. 2016;22(12):995–6.

 23. Joshi PK, Fischer K, Schraut KE, Campbell H, Esko T, Wilson JF. Variants 
near CHRNA3/5 and APOE have age-and sex-related effects on human 
lifespan. Nat Commun. 2016;7(1):11174.

 24. Timmers PR, Mounier N, Lall K, Fischer K, Ning Z, Feng X, et al. Genomics 
of 1 million parent lifespans implicates novel pathways and common 
diseases and distinguishes survival chances. elife. 2019;8:e39856.

 25. Pearl R. The biology of death c. 2. JB Lippincott Company; 1922.
 26. Dutta A, Henley W, Robine JM, Langa KM, Wallace RB, Melzer D. Longer 

lived parents: protective associations with cancer incidence and overall 
mortality. J Gerontol Series A: Biomed Sci Med Sci. 2013;68(11):1409–18.

 27. Hjelmborg JV, Iachine I, Skytthe A, Vaupel JW, McGue M, Koskenvuo M, 
et al. Genetic influence on human lifespan and longevity. Hum Genet. 
2006;119:312–21.

 28. Herskind A, McGue M, Holm NV, Sörensen TI, Harvald B, Vaupel JW. The 
heritability of human longevity: a population-based study of 2872 Danish 
twin pairs born 1870–1900. Hum Genet. 1996;97:319–23.

 29. Bowles S, Gintis H. The inheritance of inequality. J Econ Perspect. 
2002;16(3):3–30.

 30. Steptoe A, Zaninotto P. Lower socioeconomic status and the accel-
eration of aging: an outcome-wide analysis. Proc Natl Acad Sci USA. 
2020;117(26):14911–7.

 31. Christensen K, Wojczynski MK, Pedersen JK, Larsen LA, Kløjgaard S, 
Skytthe A, et al. Mechanisms underlying familial aggregation of excep-
tional health and survival: a three-generation cohort study. Aging Cell. 
2020;19(10):e13228.

 32. Florez H, Ma Y, Crandall JP, Perreault L, Marcovina SM, Bray GA, et al. 
Parental longevity and diabetes risk in the diabetes prevention program. 
J Gerontol: Series A. 2011;66A(11):1211–7.

 33. Terry DF, Wilcox MA, McCormick MA, Pennington JY, Schoenhofen EA, 
Andersen SL, et al. Lower all-cause, cardiovascular, and cancer mortality 
in centenarians’ offspring. J Am Geriatr Soc. 2004;52(12):2074–6.

 34. Ash AS, Kroll-Desrosiers AR, Hoaglin DC, Christensen K, Fang H, Perls TT. 
Are members of long-lived families healthier than their equally long-lived 
peers? Evidence from the long life family study. J Gerontol Series A: 
Biomed Sci Med Sci. 2015;70(8):971–6.

 35. Engberg H, Oksuzyan A, Jeune B, Vaupel JW, Christensen K. Centenarians–
a useful model for healthy aging? A 29-year follow-up of hospitalizations 
among 40 000 Danes born in 1905. Aging Cell. 2009;8(3):270–6.

 36. Westendorp RG, Van Heemst D, Rozing MP, Frölich M, Mooijaart SP, Blauw 
GJ, et al. Nonagenarian siblings and their offspring display lower risk 
of mortality and morbidity than sporadic nonagenarians: the Leiden 
longevity study. J Am Geriatr Soc. 2009;57(9):1634–7.

 37. Atkins JL, Pilling LC, Ble A, Dutta A, Harries LW, Murray A, et al. Longer-
lived parents and cardiovascular outcomes: 8-year follow-up in 186,000 
UK biobank participants. J Am Coll Cardiol. 2016;68(8):874–5.

 38. Vågerö D, Aronsson V, Modin B. Why is parental lifespan linked to chil-
dren’s chances of reaching a high age? A transgenerational hypothesis 
SSM Popul Health 2017 17;4:45–54.

 39. Almquist YB, Grotta A, Vågerö D, Stenberg SÅ, Modin B. Cohort profile 
update: the Stockholm birth cohort study (SBC). Int J Epidemiol. 
2020;49(2):367–367e.

 40. Statistics Sweden. Övertäckning i Registret över totalbefolkningen– en 
registerstudie. Statistics Sweden; 2015. (Bakgrundsfakta). Report No: 
2015:1.

 41. R Core Team. R: a language and environment for statistical computing. 
Vienna: R Foundation for Statistical Computing; 2021. https:// www.R- 
proje ct. org/.

 42. Therneau TM. A package for survival analysis in R. 2021. https:// CRAN.R- 
proje ct. org/ packa ge= survi val.

 43. Wickham H. ggplot2: elegant graphics for data analysis. Springer-Verlag 
New York; 2016. https:// ggplo t2. tidyv erse. org.

 44. Kaplanis J, Gordon A, Shor T, Weissbrod O, Geiger D, Wahl M, et al. Quan-
titative analysis of population-scale family trees with millions of relatives. 
Sci. 2018;360(6385):171–5.

 45. Ruby JG, Wright KM, Rand KA, Kermany A, Noto K, Curtis D, et al. Estimates 
of the heritability of human longevity are substantially inflated due to 
assortative mating. Genetics. 2018;210(3):1109–24.

 46. Vaupel JW, Manton KG, Stallard E. The impact of heterogeneity in individ-
ual frailty on the dynamics of mortality. Demography. 1979;16(3):439–54.

 47. Vaupel JW. Inherited frailty and longevity. Demography. 
1988;25(2):277–87.

 48. Jylhävä J, Pedersen NL, Hägg S. Biological age predictors EBioMedicine 
2017;21:29–36.

 49. Thalén A. Intergenerational transmission of health and life span: an 
exploration of an association between parental age-at-death and disease 
outcomes in offspring [Master Thesis]. 2022. https:// urn. kb. se/ resol ve? 
urn= urn: nbn: se: su: diva- 206439.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://www.R-project.org/
https://www.R-project.org/
https://CRAN.R-project.org/package=survival
https://CRAN.R-project.org/package=survival
https://ggplot2.tidyverse.org
https://urn.kb.se/resolve?urn=urn:nbn:se:su:diva-206439
https://urn.kb.se/resolve?urn=urn:nbn:se:su:diva-206439

	Consequences of heterogeneity in aging: parental age at death predicts midlife all-cause mortality and hospitalization in a Swedish national birth cohort
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Data & Methods
	Data materials
	Procedures
	Statistical analysis
	All-cause mortality
	Hospitalizations
	Onsets of risk differences
	Characterizing the impact of parental attained age
	Software


	Results
	All-cause mortality
	Hospitalization
	Impact
	Sensitivity analyses

	Discussion
	Conclusions
	Acknowledgements
	References


