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Abstract

Background Slower paces of aging are related to lower risk of developing diseases and premature death. Therefore,
the greatest challenge of modern societies is to ensure that the increase in lifespan is accompanied by an increase

in health span.To better understand the differences in human lifespan, new insight concerning the relationship
between lifespan and the age of onset of diseases, and the ability to avoid them is needed. We aimed to comprehen-
sively study, at a population-wide level, the sex-specific disease patterns associated with human lifespan.

Methods Observational data from the SIDIAP database of a cohort of 482,058 individuals that died in Catalonia
(Spain) at ages over 50 years old between the 1st of January 2006 and the 30th of June 2022 were included. The time
to the onset of the first disease in multiple organ systems, the prevalence of escapers, the percentage of life free

of disease, and their relationship with lifespan were evaluated considering sex-specific traits.

Results In the study cohort, 50.4% of the participants were women and the mean lifespan was 83 years. The results
show novel relationships between the age of onset of disease, health span, and lifespan. The key findings include:
Firstly, the onset of both single and multisystem diseases is progressively delayed as lifespan increases. Secondly,

the prevalence of escapers is lower in lifespans around life expectancy. Thirdly, the number of disease-free systems
decreases until individuals reach lifespans around 87-88 years old, at which point it starts to increase. Furthermore,
long-lived women are less susceptible to multisystem diseases. The associations between health span and lifespan are
system-dependent, and disease onset and the percentage of life spent free of disease at the time of death contribute
to explaining lifespan variability. Lastly, the study highlights significant system-specific disparities between women
and men.

Conclusions Health interventions focused on delaying aging and age-related diseases should be the most effec-
tive in increasing not only lifespan but also health span. The findings of this research highlight the relevance of Elec-
tronic Health Records in studying the aging process and open up new possibilities in age-related disease prevention
that should assist primary care professionals in devising individualized care and treatment plans.
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Background

Aging is the main risk factor for developing highly
prevalent diseases including cancer, cardiovascular dis-
eases, diabetes mellitus, neurodegenerative diseases, and
chronic respiratory diseases, among others [1]. By 2050,
the number of people aged 65 or older in Europe and the
USA will have increased from 20 to 25% [2], and two the-
ories have been put forward to address the effect of this
increase in lifespan on the prevalence of diseases and dis-
ability of the population. The “compression of morbidity”
theory claims that the onset of morbidity is postponed
with the increase in lifespan, resulting in an extended
health span [3]. In contrast, the “expansion of morbid-
ity” theory suggests that health span is not increased,
resulting in additional years of life accompanied by mor-
bidity and disability [4]. However, to discern the inter-
play among lifespan, health span and morbidity, further
insight, at the individual level, of the relationship between
lifespan and the age of onset of the diseases and the abil-
ity to avoid them is needed. Apart from these two oppos-
ing theories, a more recent individual-centered theory
suggests that there is a continuum of individual paces of
aging (from accelerated to deaccelerated) that results in
differing onset of symptoms and diseases depending on
individual vulnerability [5].

The aging process affects all organs and tissues, leading
to changes like altered pancreatic function [6], shifts in
adipose tissue distribution [7], loss of cognitive and motor
abilities in the nervous system [8], circulatory system
issues [9], reduced respiratory capacity [10], liver volume
and blood flow decline [11], diminished nutrient absorp-
tion in the gastrointestinal tract [12], skeletal muscle
mass and functionality reduction [13], and kidney struc-
tural alterations [14]. It has previously been reported that
the inheritable factor of human lifespan could explain
from 20 to 40% of the variability (with the remaining
being related to environmental traits) and that extreme
lifespan clusters in specific families [15], leaving room for
modulating external factors to increase lifespan. Previ-
ous studies [16—18] reported that although the changes
related to aging are common in all persons, the speed
of loss of organ and tissue functionality differs between
individuals, even at early ages, implying that aging has
an inter-individual effect and remarking the differences
between chronological and biological age. Specifically,
the Dunedin study, carried out in a population of 869
young adults followed up from birth to age 45, showed
that individuals who aged more rapidly according to
their biological age were less physically able, had greater
cognitive decline and brain aging, and presented worse
self-perceived health [16, 17]. The objective of this study
was to characterize biological aging in the early stages of
adulthood and the relationship between the individual
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aging process and the development of chronic diseases.
Death in this study population is yet to be determined.
Similarly, the Baltimore Longitudinal Study of Aging
[19] revealed, in a smaller cohort (968 participants) that
slower paces of aging were related to better health sta-
tus and lower risk of death. In this line, a study from the
UK Biobank [20] calculated biological age specifically for
each organ system and used this to predict the develop-
ment of chronic diseases and premature death with high
accuracy. However, the maximum lifespan of the partici-
pants in this study was 83 years, and extreme lifespan was
not assessed. Centenarians and supercentenarians from
the New England Centenarians Study showed that the
prevalence of escapers (defined as individuals with onset
of the first studied disease after age 100 years) was higher
in centenarians, semisupercentenarians, and supercen-
tenarians, compared with non-centenarians [21]. In this
case, participants who died before 90 were considered as
a single group, and shorter lifespans were not addressed.
Other projects such as the Global Burden of Disease
Study [22] investigated death and disability across all
ages but either focused only on the causes of death or on
chronological age and population alive at each age rather
than the biological age or lifespan of the participants. In
this sense, evaluating the interplay between longevity and
diseases, including all the range of possible lifespans in a
population-wide cohort should be crucial to discern the
patterns that define human lifespan.

Until recently, the main increase in lifespan was related
to progress in the prevention and treatment of infectious
diseases (COVID-19 aside), but this tendency has now
shifted and this increase is attributable to the improve-
ment in chronic disease care and the decline in death
rates after 65 [23]. In this sense, the characterization of
age-related diseases (onset, progression, time between
diagnosis and death) in large populations and the defini-
tion of the diseases more implicated in the human lifes-
pan are crucial to continue delaying their onset. This
knowledge should contribute to defining health strategies
to decrease the pace of aging, promote P4 (predictive,
preventive, personalized, and participatory) medicine,
and increase lifespan and health span.

In the present study, we offer a comprehensive study,
at a population-wide level, of the sex-specific pathologi-
cal patterns, age of onset, multisystem involvement, and
years free of disease and their association with human
lifespan. We evaluated, in a cohort of 482,058 partici-
pants (50.4% women) with a mean lifespan of 83 years
(ranging from 50 to 112), survival models for the onset
of disease in multiple organ systems, the ability to avoid
disease, and the percentage of life free of disease, all of
which were evaluated according to the lifespan of the
individuals. These results were specifically evaluated for
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each sex, considering the organ systems independently
and accounting for multisystem involvement. The results
show novel relationships among the age of onset of dis-
ease, health span, lifespan, and how these are adapted in
escapers, showing system-specific and disease-specific
trends that are highly relevant in explaining lifespan
variability. Furthermore, there are notable differences
between women and men at the system level in the deter-
mination of health span.

Methods

Design, data source, and study setting

We analyzed data obtained from the Information System
for the Development of Research in Primary Care (SID-
IAP) in the autonomous community of Catalonia (Spain).
The SIDIAP database has collected anonymized elec-
tronic health records (EHR) data since 2005 of more than
5 million people, which represents 80% of the Catalan
population and is representative of the region as a whole
[24]. This manuscript has not been prepared in collabo-
ration with SIDIAP and therefore does not necessarily
reflect their opinions or points of view. The quality and
accuracy are the sole responsibility of the authors. The
authors had access only to the cleaned tables provided by
SIDIAP.

The longitudinal cohort study considers all men over
43 years old and women over 48 years old at the 1% of
January 2006 included in SIDIAP, with at least two labo-
ratory blood results during the first 7 years of follow-up,
that died between the 1st of January 2006 and the 30th
of June 2022 at an age of 50 years or older. The follow-up
time for the participants included their entire life. Data
collected for this project included the sex specified in the
clinical history of the individuals, date of birth and death,
diagnoses made in primary care, and date of diagnosis.
The SIDIAP database included 8,265,343 individuals.
Among those, 482,058 individuals met the inclusion cri-
teria and were analyzed (Additional file 1).

Diagnoses and classification

We selected those age-related chronic conditions that
caused the death of more than 1% of the population
after 50 years of age [22] together with relevant causes of
frailty [25] from 8 of the main categories (29 subcatego-
ries) of the International Classification of Diseases, Tenth
Revision (ICD-10). The list of the codes and diseases
included can be found in Additional file 2. The classifi-
cations take into account the main body system affected.
These include neoplasms, endocrine, nutritional, and
metabolic diseases, diseases of the nervous system, dis-
eases of the circulatory system, diseases of the respira-
tory system, diseases of the digestive system, diseases of
the musculoskeletal system and connective tissue, and
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diseases of the genitourinary system. Diagnoses after the
1st of January 2005 were directly introduced in the EHR.
Prior diagnoses were collected in paper records and were
introduced into the EHR during the virtualization of the
clinical history. Diagnoses with date of diagnosis previ-
ous to date of birth were excluded.

Statistical analyses

Participants were stratified according to their sex and
lifespan (from 50 years old to 105+). Participants who
died after 105 years old (n=450) were included in the
105+ group. In the tables, we grouped the data by dec-
ades of death to simplify the information.

First, we performed survival analyses to evaluate the
hazard ratios for the onset of the different diseases. We
made Kaplan—Meier curves and Cox proportional haz-
ards regressions using the lifespan (age of death), sex,
and the interaction of the two as predictors. Results were
expressed as hazard ratios (HR) with the respective 95%
confidence intervals. To assess hazard ratios for multi-
system involvement, we used the same approach evalu-
ating the time to onset of a specific number of diseases
from different body systems (from 2 to 8). Data regarding
numbers at risk can be found in the Additional file 3. Sec-
ond, the ability to escape disease was assessed. The preva-
lence of escapers (individuals that died without a specific
disease) and its evolution across their lifespan were eval-
uated. For this purpose, the prevalence of escapers was
computed, and locally estimated scatterplot smoothing
(LOESS) curves of the second degree and span=0.75,
which are the default values of the ggplot package, were
adjusted using the lifespan as a predictor variable of the
prevalence. To account for multisystem involvement, the
same approach was used to evaluate the number of sys-
tems free of disease. Third, health span was evaluated in
those individuals with disease. The median percentage
of life free of disease was computed at each lifespan, and
LOESS curves of the second degree and span=0.75 were
made. Similar body system patterns of evolution of the
prevalence of escapers and percentage of life free of dis-
ease were grouped using a k-means clustering algorithm.
The optimal number of clusters was selected as the num-
ber of clusters with higher average silhouette width for a
number of clusters from 2 to 7. Fourth, the importance of
the diseases and the percentage of life free of disease in
explaining lifespan was evaluated. A multiple factor anal-
ysis (MFA) in the sense of Escofier-Pages [26] was per-
formed including these variables as active variables, and
the corresponding individual scores and variable loadings
were computed. Specifically, sex and escaping the dis-
ease (yes or no) for each ICD-10 category were included
as categorical variables, and the number of systems free
of disease and the percentage of life free of disease for
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each ICD-10 category were included as numerical vari-
ables. The analyses were performed using R version 4.0.2,
employing the survival, survminer, FactoMineR, and
factoextra packages. A sub-analysis including only indi-
viduals that died up to 30th of June 2019 was performed
to assess the effect of the COVID-19 pandemic. Results
were consistent with those from the main analysis (data
not shown).

Results

Population of study

The study sample included 482,058 participants (50.4%
women) with a mean lifespan of 83 years, ranging from
50 to 112. Lifestyle, clinical, and socioeconomic variables
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of the study population for each decade of death are
described in Table 1.

Disease incidence

First, a survival analysis was performed to evaluate the
age of onset of the first disease from each main ICD-10
category according to sex and lifespan. The results dis-
played a continuous spectrum of Kaplan—Meier curves in
all the systems studied, which were delayed over time as
the lifespan increased (Fig. 1). In some cases, the curves
were different for each sex (neoplasms, diseases of the
respiratory system, and diseases of the musculoskeletal
system). When analyzing the Cox regressions by lifespan
and sex, we found HR between 0.85 and 0.90 for each
increased year of lifespan for all the ICD-10 categories

Table 1 Description of the population according to the death decade

Variable All 50-59 60-69 70-79 80-89 90-99 100-
(N=482,058) (N=15,552) (N=43,872) (N=95,463) (N=200,723) (N=120,169) 105+ (N=6279)
Sex
Women 243,127 (504%) 5224 (33.6%) 13,648 (31.1%) 35,106 (36.8%) 103,706 (51.7%) 80,457 (67.0%) 4986 (79.4%)
Men 238,931 (49.6%) 10,328 (66.4%) 30,224 (68.9%) 60,357 (63.2%) 97,017 (48.3%) 39,712 (33.0%) 1293 (20.6%)
Lifestyle variables
Smoking status
Non-smoker 248,756 (54.2%) 3864 (26.8%) 14,093 (33.5%) 41,028 (44.8%) 110481 (57.8%) 75278 (66.3%) 4012 (70.5%)
Smoker 55,660 (12.1%) 6291 (43.6%) 12,360 (29.4%) 14,363 (15.7%) 16,173 (8.46%) 6174 (543%) 299 (5.25%)
Ex-smoker 154,293 (33.6%) 4275 (29.6%) 15,614 (37.1%) 36,287 (39.6%) 64,589 (33.8%) 32,148 (28.3%) 1380 (24.2%)
Alcohol consumption
Non-drinker 332,014 (78.6%) 7656 (61.3%) 23,969 (62.0%) 59,531 (70.5%) 142,630 (81.0%) 93,426 (88.4%) 4802 (92.9%)
Low risk 84,102 (19.9%) 3785 (30.3%) 12,696 (32.9%) 23,055 (27.3%) 32,220 (18.3%) 11,982 (11.3%) 364 (7.04%)
High risk 6260 (1.48%) 1055 (8.44%) 1981 (5.13%) 1812 (2.15%) 1155 (0.66%) 252 (0.24%) 5(0.10%)
Clinical variables
Systolic blood 130[116;139] 127 [115;137] 130[117;138] 130[118;139] 130[116;139] 128 [115;139] 127 [114;138]
pressure
Diastolic blood ~ 70.0[62.0,79.01 ~ 78.0[70.0;84.0] 75.0(68.0,81.0] 71.0 (64.0,80.0] 70.0[61.0,780]  70.0[60.0;77.01  70.0[60.0;76.0]
pressure
Body massindex 26.8[23.7,30.2]  27.1[23.6;31.4] 276(24.2,315] 275[24331.0] 26.8[23.830.11  258[22.929.1]  24.8[21.9,27.9]
Socioeconomic variables
Quintile of MEDEA index
O rural 46,916 (9.73%) 1363 (8.76%) 3704 (8.44%) 8253 (8.65%) 89 (10.1%) 12,854 (10.7%) 553 (8.81%)
1 rural 35,823 (7.43%) 1185 (7.62%) 3030 (6.91%) 6444 (6.75%) 15,253 (7.60%) 9427 (7 84%) 484 (7.71%)
1 urban 93,729 (194%) 2501 (16.1%) 7350 (16.8%) 16,449 (17.2%) 38,608 (19.2%) 08 (22.6%) 1713 (27.3%)
2 rural 64,191 (13.3%) 2044 (13.1%) 5519 (12.6%) 11,804 (12.4%) 27,095 (13.5%) 16,890 (14.1%) 839 (13.4%)
2 urban 69,881 (14.5%) 2280 (14.7%) 6361 (14.5%) 13,734 (14.4%) 28,921 (14.4%) 17,628 (14 7%) 957 (15.2%)
3 urban 1,806 (19.0%) 3192 (20.5%) 9098 (20.7%) 19,722 (20.7%) 37,987 (18.9%) 20,828 (17.3%) 979 (15.6%)
4 urban 79,709 (16.5%) 2987 (19.2%) 8810 (20.1%) 19,056 (20.0%) 32,670 (16.3%) 15,432 (12.8%) 754 (12.0%)

The reported values are the last registered values in SIDIAP. MEDEA: Index of mortality in small Spanish areas and socioeconomic and environmental inequalities.
Alcohol consumption of high risk corresponds to usual consumption of 17 standard drinks or more per week in women, 28 or more in men; to sporadic consumption,
at least once per month, of 5 or more standard drinks in women, 6 or more in men; to consumption under 16 years old, when using dangerous machinery, when
taking medication that interacts with alcohol or when pregnant. MEDEA index is based on [27]; higher values indicate more socioeconomic deprivation of the primary
health center to which the patient is assigned
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Fig. 1 Kaplan-Meier curves for the onset of age-related diseases in different biological systems according to age of death, stratified by sex. The
proportion of individuals free of disease (y-axis) at each age (x-axis) is represented stratifying by lifespan of individuals and sex. Each panel includes
the curves from both sexes corresponding to the same system. Curves that decay earlier indicate a higher risk of an early onset of the disease. Age
of onset is considered as the age of diagnosis of the first disease in the system. The specific diseases belonging to each category can be found

in Additional file 2

and for the onset of the first disease (Table 2), indicating
that the most long-lived individuals had much longer health
spans. Regarding sex, hazard rates for neoplasms and for
diseases of the respiratory system were remarkably lower
in women (HR of 0.72 and 0.58, respectively), whereas
hazard rates for diseases of the nervous system and for
diseases of the musculoskeletal system and connective
tissue were higher (HR of 1.34 and 1.64, respectively). Small

but relevant interactions between lifespan and sex were
found, mainly in neoplasms and endocrine, nutritional,
and metabolic diseases, resulting in a lower hazard for neo-
plasms and a higher hazard for endocrine, nutritional, and
metabolic diseases in shorter lifespans for women.

To account for multisystem involvement, we then ana-
lyzed multiple systems together. This allowed us to define
whether this delay was observed only for independent

Table 2 Hazard ratios (HR) of first onset of age-related diseases from the main ICD-10 categories by age of death and sex

ICD-10 category

HR (95% Cl) for age of death

HR (95% ClI) for sex (women) HR (95% Cl) for
age of death: sex

(women)

Any disease 0.885 (0.884-0.885
0.848 (0.847-0.849
0.894 (0.893-0.894
0.856 (0.854-0.857

( )

Neoplasms ( )
( )

( )

0.899 (0.899-0.900)
( )

( )

( )

Endocrine, nutritional, and metabolic diseases
Diseases of the nervous system

Diseases of the circulatory system

0.894 (0.893-0.895
0.890 (0.889-0.890
0.898 (0.897-0.898

Diseases of the respiratory system
Diseases of the digestive system

Diseases of the musculoskeletal system and con-
nective tissue

Diseases of the genitourinary system 0.852 (0.850-0.853)

0.992 (0.986-0.998
0.719(0.713-0.725
1.059 (1.051-1.067
1.343 (1.325-1.361

( ) 0.998 (0.997-0.998)
( )
( )
( )
1.043 (1.036-1.049)
( )
( )
( )

(
0.975 (0.974-0.976)
1.011(1.010-1.011)
0.992 (0.990-0.993)
1.006 (1.005-1.007)
0.584 (0.578-0.590 (
0.906 (0.899-0.912 (
1.638 (1.626-1.651 (

0.996 (0.994-0.997)
0.998 (0.997-0.999)
0.996 (0.996-0.997)

0.922 (0.910-0.933) 1.005 (1.004-1.007)

The specific diseases belonging to each category can be found in Supplementary Table 1

HR Hazard ratio, C/ Confidence interval
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systems, indicating system-specific deaccelerated aging
with increasing lifespan, or was also observed with mul-
tisystem involvement, indicating globally deacceler-
ated aging. We computed survival curves to display the
time to onset of a disease from the n™ ICD-10 category,
from the second to the eighth category. We found that
the survival curves followed the same pattern as when
using the systems independently (Additional files 4 and
5), demonstrating a globally deaccelerated pace of aging
in individuals with longer lifespans. Specifically, the HR
for multisystem involvement gradually decreased as the
number of systems affected increased (HR for 2 systems
affected=0.86, HR for 8 systems affected=0.69). Inter-
estingly, women had HR over 1 for a low number of
systems affected (2 and 3 systems) and HR lower than 1
for the involvement of 5, 6, 7, and 8 systems, indicating
higher hazard rates in women for developing diseases in
a few systems, but greater protection from high multi-
system involvement. Kaplan-Meier curves for 8 systems
affected are not represented due to the globally reduced
number of individuals with this condition, which was
even lower in short and extremely long lifespans.

Avoiding diseases

When studying the prevalence of escapers (participants
who died without any disease), we observed a common
pattern in all ICD-10 categories studied, showing a valley
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of escapers at different ages depending on the disease, in
most cases between 70 and 90 years of lifespan (Fig. 2).
The prevalence of escapers at the longest lifespans (105+)
was similar to the prevalence in much shorter lifespans
(<75). When clustering the different evolutions of the
prevalence of escapers for each system, two clusters
appeared in both women and men. These clusters dis-
played similar trajectories and mainly differed in the
lifespan at which the valley of escapers occurred, with an
earlier valley in neoplasms in women and in neoplasms
and endocrine, nutritional, and metabolic diseases in
men.

Specifically, neoplasms displayed different curves in
women than in men, both in shape and in levels of the
prevalence of escapers. Endocrine, nutritional, and met-
abolic diseases displayed similar curves in women and
men; however, the curve in women was delayed 4 years.
Nervous system diseases had the same pattern in men
and women, but the prevalence of escapers was lower in
women. Escapers from diseases of the circulatory sys-
tem showed similar patterns in both women and men.
Regarding diseases of the respiratory system, the preva-
lence of escapers in women was higher than in men and
was mainly stable across the different lifespans. Diseases
of the digestive system displayed similar inverse expo-
nential curves in men and women: the prevalence of
escapers decreased more slowly for each year of lifespan

-2.5 1CD-10 Category

~ Diseases of the circulatory system

ine, nutritional and
Diseases of the genitourinary system
Diseases of the musculoskeletal system and connective tissue
Diseases of the nervous system
Diseases of the respiratory system
5.0 ~ Diseases of the digestive system

~ Neoplasms

-5.0
50 60 70 80 90 100

.
25 ¥ — Women
3 == Men

-2.5

-5.0
50 60 70 80 90 100

Lifespan

Fig. 2 Evolution of the prevalence of escapers (individuals that died without a specific disease) according to the lifespan of the individuals. A higher
prevalence of escapers indicates lower chance of developing the disease. A Overview of all the systems for both sexes. Dashed lines correspond

to women, and solid lines correspond to men. B Systems grouped into similar evolution clusters using k-means clustering specific to each sex. The
specific diseases belonging to each category can be found in Additional file 2
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increased. The prevalence of escapers from diseases of
the musculoskeletal system and connective tissue was
widely lower in women than in men. Finally, the preva-
lence of escapers from diseases of the genitourinary sys-
tem displayed almost identical curves in both sexes. The
specific prevalence of escapers for each main category
and subcategory stratified by the decade of death can be
found in Additional file 6.

If multiple systems were analyzed together by study-
ing the number of systems free of disease, similar results
were observed: the number of systems free of disease
decreased until a certain age of death and then increased.

A

100

~N
(%]

Prevalence of systems free of disease
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Specifically, the lifespan with the minimum number
of systems free of disease was 87 years for women and
88 years for men. These results were consistent with
those obtained when analyzing the prevalence according
to the main ICD-10 category and by subcategory (Fig. 3,
Table 3).

Health span and percentage of life free of disease

We then focused on non-escaper individuals. We ana-
lyzed the percentage of life free of disease (time from
birth to the onset of the disease relative to years of life)
of non-escapers in order to determine the contribution of
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Fig. 3 Evolution of multisystem involvement according to the lifespan of the individuals. A Cumulative prevalence of individuals with decreasing
number of systems free of disease at death (from 8 to 0) according to the lifespan of the individuals, specifically for women and men. A higher
cumulative prevalence indicates a globally higher number of systems free of disease at death. C Comparison by sex of the prevalence of individuals
with each number of systems free of disease according to their lifespan. Dashed lines correspond to women, and solid lines correspond to men. D
Evolution of the number of systems free of disease for both sexes. Dashed lines correspond to women, and solid lines correspond to men
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these diseases to the disability of elderly individuals and
to establish the focus of interventions for extending lifes-
pan and health span. Here, a diversity of trajectories was
observed. We focused on clusters of ICD-10 categories
with trajectories of similar behavior regarding the rela-
tionship between years of disease and lifespan. We found
4 main clusters in women and 3 in men (Fig. 4).

Cluster 1 in both women and men included neoplasms,
with a percentage of life free of disease that displayed a
linear reduction as lifespan increased. In women, the
decrease in the percentage of years free of neoplasms
was more pronounced in those individuals who died after
their 80 s. These results indicate that the most long-lived
individuals that suffered neoplasms lived more years fol-
lowing diagnosis.

Diseases of the nervous system and diseases of the
genitourinary system (cluster 2) remained mainly sta-
ble across all lifespans. A slight valley and peak could be
observed at lifespan 65 and 80, respectively, except for
diseases of the nervous system in women, in which the
curve slightly increased with lifespan.

Diseases of the digestive system, diseases of the mus-
culoskeletal system and connective tissue, diseases of the
circulatory system, and endocrine, nutritional, and meta-
bolic diseases were included in cluster 3 in both women
and men. Additionally, cluster 3 in men also included

A

ease
0
-

-2.5
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diseases of the respiratory system. The percentage of life
free of these diseases decreased up to the lifespan of 65.
Afterwards, it increased slightly until lifespans of 105+
following slightly different patterns, suggesting partially
decelerated aging of these systems in individuals that
lived more than 65 years.

Finally, cluster 4 contained diseases of the respiratory
system in women. The analysis showed that the per-
centage of life free of disease decreased between 50 and
70 years of lifespan and increased thereafter, indicating a
delay in the onset of diseases in this system in lifespans
over 70 years.

MFA with pathologies at death and percentage of life free
of disease

Based on the differences observed, we then assessed
whether these variables were able to explain part of the
variability in lifespan. We performed an MFA including
involvement of the different systems (yes/no), the per-
centage of life free of disease, and the number of systems
free of disease. When representing a score plot on a ran-
dom subset of 1% of the samples on the first two dimen-
sions of the MFA, individuals were distributed according
to their lifespan (Fig. 5A). The involvement of the system

-2.5

Percentage of life free of dis
Standardized percentage of life free of disease

5.0 9 5.0 5.0 5.0
Y:
2.5 25 % 25
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2.5 . 25 ~ Diseases of the circulatory system
i 3 = Endocrine, nutritional and metabolicdiseases
" RERNPE ) Diseases of the genitourinary system
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Fig. 4 Evolution of the percentage of life free of disease according to the lifespan of the individuals. Higher percentages of life free of disease
indicate longer health spans. A Overview of all the systems for both sexes. Dashed lines correspond to women, and solid lines correspond to men. B
Systems grouped into similar evolution clusters using k-means clustering specific to each sex. The specific diseases belonging to each category can

be found in Additional file 2
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Dimension 2 (11.6%)

-2

Dimension 1 (22.8%)
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Contributions of groups to dimensions 1 and 2

Contributions (%)

Fig. 5 Multiple factor analysis on sex, number of systems free of disease, involvement in a system, and the percentage of life free of disease
in the different systems. A Score plots from a random subset of 4821 individuals colored according to their lifespan. Closer points correspond
to more similar individuals. B contribution of the groups of variables to the first two dimensions. Dashed red line: expected value considering

uniform contributions

and the percentage of life free of disease had great contri-
butions to these two dimensions (Fig. 5B).

Discussion

In this study, we analyzed the relationship between lifes-
pan and age of onset, avoidance, and percentage of life
free of diseases to define their contribution to lifespan.
We describe a gradual delay in the age of onset of all dis-
eases as lifespan increases, both single and multisystem,
indicating that globally, individuals with greater lifespan
have a specific resistance to developing diseases and can
delay their onset. The delay was observed in both lethal
(e.g., neoplasms) and non-lethal diseases (e.g., diseases
of the musculoskeletal system and connective tissue)
indicating a globally slower pace of aging in longer-lived
individuals. These results agree with those reported in
extremely long-lived individuals (from 100 to 119 years
old) that demonstrated that those individuals present
a later onset of frailty and diseases such as cancer, car-
diovascular disease, dementia, and stroke, as well as
cognitive and functional decline [21], and reinforce the
effectiveness of disease prevention for increasing lifes-
pan rather than curing diseases. In the same line, long-
lived families can delay or avoid age-related diseases to
a greater extent than shorter-lived families [28]. Further-
more, our results show that the HR gradually decreases as

the number of systems affected increases, indicating that
this resistance is enhanced for multisystem involvement.
When considering the prevalence of escapers, we
observed that this prevalence was lower in lifespans
around life expectancy (in most diseases, between lifes-
pans of 70 and 90 years) depending on the system and
that individuals with the longest lifespans had a similar
prevalence of escapers than those with the shortest ones.
These results could be explained by a higher severity of
specific diseases in individuals with shorter lifespans,
which may prevent the onset of other diseases before
death [29], in contrast with a higher protection against
developing diseases in longer-lived individuals, as sug-
gested by other authors [30, 31]. We also observed how
globally, the number of systems free of disease decreased
until the ages of death 87-88 and started increasing
thereafter, indicating that up to these ages (87-88) indi-
viduals die with more systems affected as their lifes-
pan increases whereas after these ages, individuals
progressively die with less systems affected as their lifes-
pan increases. Similarly, a previous study performed with
the SIDIAP database described how before 85 years of
age frailty is mainly associated with the number of con-
current diseases, and that from 85 years onwards frailty is
associated with disability and other signs and symptoms
[32]. These results support the existence of a major sur-
vival hurdle at 87-88 years old, defining two main groups
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of individuals in terms of their lifespan: those who die
before and those who die after. Before these ages, our
results confirm the age-dependent loss of homeostasis
in a system-specific fashion. Individuals that die after
87-88 years of age may have greater protection against
suffering age-related diseases, which may be the result
of optimized homeostatic protective mechanisms. Until
now, there has been a consensus that considers cente-
narians as chronological age-based models of success-
ful aging [30], together with other individual-centered
models such as the one proposed by Rowe and Kahn [33].
However, based on our data, we propose that centenar-
ians are the most extreme case of successful aging, and
individuals with lifespans over 87—88 years are also rel-
evant for the study of extreme lifespan. Consequently, a
better characterization of the individual pace of aging in
these subjects should provide valuable information on
how to delay the onset of chronic diseases and increase
health span and lifespan in the whole population. In this
sense, a deep molecular characterization of the biology of
aging in human tissues is crucial to better understand the
meaning of human longevity and should serve as a refer-
ence to identify longevous and non-longevous individuals
among middle-aged adults to better define individualized
health strategies.

Focusing on sex-specific patterns, we found remarkably
low HR and higher prevalence of escapers in women for
diseases of the respiratory system and neoplasms at lifes-
pans around life expectancy, as well as remarkably high
HR and lower prevalence of escapers for diseases of the
musculoskeletal system and connective tissue and for
diseases of the nervous system. Neoplasms and diseases
of the respiratory system (excluding infectious diseases)
are the second and fourth leading causes of death in
Spain [34]. Advanced pulmonary age has been described
as the strongest predictor of mortality in the UK Biobank
study [20], as well as an important mortality risk factor in
epidemiological studies [35]. In contrast, diseases of the
nervous system are the third cause of death, and diseases
of the musculoskeletal system and connective tissue are
the last cause of mortality among the studied diseases
[34]. Both diseases of the nervous system and diseases of
the musculoskeletal system have significantly higher sur-
vival times [36] and are among the main causes of frailty
[25, 37]. These results could be explained by the differ-
ences in metabolic regulation in women and men dur-
ing the aging process. For instance, previous results from
our group described a higher involvement of gut-derived
aromatic amino acids in women, which are strongly
related to cognitive function and could lead to a higher
risk of developing age-related nervous system diseases,
as described in this work [38]. Furthermore, our study
reveals that multisystem involvement is lower in women
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than in men at longer lifespans, contrarily to most of the
current literature, which describes higher multimor-
bidity in women, specifically at older ages [32, 39]. One
possible explanation is that we evaluated the number of
systems affected instead of global multimorbidity. These
differences imply that men and women achieve the same
lifespan through different mechanisms. In women, the
capacity to delay the onset of more lethal diseases and
multisystem involvement could be greater, while men
may be able to survive them for longer times. This could
partly explain why life expectancy in women is greater,
as mortality is closely associated with disease-related
frailty [32]. In line with this hypothesis, we previously
described sex-specific metabolic regulation during aging
[38], that could provide women a better adaptation to the
aging process and a higher resistance to multisystem dis-
eases. Notably, the hazard rate for neoplasms in women
at younger ages of death was higher than in men, in line
with the increase in the incidence of prostate cancer in
men after 65 years of age compared with the decrease in
breast cancer after this age in women [40].

When analyzing the percentage of life free of disease in
non-escapers, we found important differences related to
the system that could explain human lifespan. Our results
suggest that in people who suffer neoplasms, lifespan is
strongly related to survival. In contrast, in the case of dis-
eases of the respiratory system (men and women), and
endocrine, nutritional, and metabolic diseases (men),
lifespan is related to the ability of individuals to delay
these diseases. In contrast with other chronic age-related
diseases such as diabetes mellitus, Alzheimer’s disease,
hypertension, or chronic obstructive pulmonary dis-
ease, to name some of the most prevalent diseases from
other systems, neoplasms present an earlier onset, higher
short or mid-term mortality and, although considered as
a chronic disease, could be a one-time event [41]. These
results highlight the importance of understanding the
underlying mechanisms leading to each pathology to bet-
ter comprehend their etiology.

Integrating the variables related to escaping the disease
and the percentage of life spent free of disease at the time
of death in an MFA, we found that these variables alone can
contribute to explaining variability in individual lifespan.

This study has some limitations: (i) It was based on
real-world data and specifically EHR, so it may include
inconsistencies derived from data entry during clini-
cal practice. However, these are expected to be small
in number and minimized by the size and representa-
tiveness of the study population. (ii) Data before 2005
were collected in paper records, and some of the data,
such as completeness of the registers and dates of diag-
nosis, might be less accurate. However, the fact that
the results are sex- and system-dependent imparts a
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Global traits:

Long-lived phenotype:

In non escaper individuals:

1 Neoplasms at shortlifespans
1 Diseases of the nervous system
1 Diseases of the musculoskeletal system and connective tissue

1 Diseases in few systems

Prevalence of escapers lower in ages around life expectancy: major survival hurdle at lifespans 87-88 years old
Health span — lifespan associations are system-dependent

Presence of disease and health span contribute to explaining the variability in lifespan

Deaccelerated pace of aging and more resistance to developing age-related diseases.

Higher prevalence of escapers, increasing with number of systems affected
Slow delay of onset and survival to neoplasms.

Fast delay of onset in other systems.

Highlights

j 87-88
st

ft4 iY4

1 Neoplasms
1 Diseases of the respiratory system
1 Endocrine, nutritional and metabolicdiseases at shortlifespans

1 Diseasesin multiple systems

Fig. 6 Summary of the main results of the study. Images partially created with BioRender.com

trustworthiness of there not being a generalized incon-
sistency. (iii) The analysis did not include confounding
variables. This was because the main confounders that
may be used can be interpreted as the cause of acceler-
ated or decelerated aging rather than purely confound-
ing variables. (iv) The severity of the disease was not
taken into account. The wide scope of the present study
rendered it impossible to specify each disease. Further
system-specific studies discriminating between specific
diseases must be performed. (v) The study population
exhibited bias in terms of race and ethnicity, as 80% of
the individuals were from Spain, 5.1% from other Euro-
pean regions, 6.2% from America, 4.9% from Africa,
3.1% from Asia, and less than 0.1% from Oceania. Con-
sequently, this fact may limit the generalizability of the
results to all regions worldwide.

Conclusions

The key findings of this study are specified in Fig. 6 and
can be summarized as (i) the age of onset of disease, both
single and multisystem, is gradually delayed as lifespan

increases, (ii) the prevalence of escapers is lower in ages
around life expectancy, (iii) the number of systems free
of diseases decreases until ages of death 8788 years old
and increases onwards, (iv) long-lived women are less
prone to multisystem involvement, (v) health span-lifes-
pan associations are system-dependent, (vi) disease and
percentage of life free of disease at death contribute to
explaining the variability of lifespan, and (vii) there are
system-specific differences between women and men.

Health interventions focused on delaying aging and
age-related diseases should be the most effective in
increasing not only lifespan but also health span. The
findings of this research highlight the relevance of EHR
in studying the aging process and open up new possibili-
ties in age-related disease prevention that should assist
primary care professionals in devising individualized care
and treatment plans.
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