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Abstract

Background: A recent study suggested that the protective effect of familial longevity becomes negligible for centenarians. However, the authors
assessed the dependence on familial longevity in centenarians by comparing centenarians with 1 parent surviving to age 80+ to centenarians
whose same-sexed parent did not survive to age 80. Here we test whether the protective effect of familial longevity persists after age 100 using
more restrictive definitions of long-lived families.

Methods: Long-lived sibships were identified through 3 nationwide, consecutive studies in Denmark, including families with either at least 2
siblings aged 90+ or a Family Longevity Selection Score (FLoSS) above 7. Long-lived siblings enrolled in these studies and who reached age 100
were included. For each sibling, 5 controls matched on sex and year of birth were randomly selected among centenarians in the Danish popula-
tion. Survival time from age 100 was described with Kaplan—Meier curves for siblings and controls separately. Survival analyses were performed
using stratified Cox proportional hazards models.

Results: A total of 340 individuals from long-lived sibships who survived to age 100 and 1 700 controls were included. Among the long-lived
siblings and controls, 1 650 (81 %) were women. The results showed that long-lived siblings presented better overall survival after age 100 than
sporadic long-livers (hazard ratio [HR] = 0.80, 95% confidence interval [Cl] = 0.71-0.91), with even lower estimate (HR = 0.65, 95% CI = 0.50—
0.85) if familial longevity was defined by FLoSS.

Conclusions: The present study, with virtually no loss to follow-up, demonstrated a persistence of protective effect of familial longevity after
age 100.
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Background to control populations, supporting the finding of a signif-
icant familial component to exceptional longevity (6,7).
Nevertheless, a much larger recent U.S. study by Gavrilova
and Gavrilov suggested that the protective effect of famil-
ial longevity becomes negligible for centenarians (8). The
authors reported survival advantages of siblings and children
from long-lived families until age 95-100 only. They also
showed no effect of paternal and maternal longevity on the
survival of centenarians leading to the conclusion of vanish-
ing mortality advantage. However, the paternal and maternal
longevity only required 1 parent surviving to age 80+. Indeed,
the authors assessed the dependence on familial longevity in
centenarians by comparing centenarians with 1 parent surviv-
ing to age 80+ to centenarians whose same-sexed parent did
not survive to age 80. In this way, the long-lived centenari-
ans included in the study by Gavrilova and Gavrilov included
sibships whose selection for longevity was based on only 1
long-lived individual.

The protective effect of familial longevity has been demon-
strated in many studies in high-income countries. Several studies
reported better health in long-lived siblings than other “spo-
radic” long-livers, including a lower prevalence of Alzheimer’s
disease and related disorders, diabetes, depression, heart fail-
ure, and osteoporosis (1-3). Other studies demonstrated better
survival in long-lived siblings compared to sporadic long-livers
(1,4), and, similarly, in their offspring and grandchildren: A
study focusing on 3 generations of longevity-enriched Danish
families found a lower incidence of virtually all disease cat-
egories (including cardiovascular diseases, cancer, respiratory
diseases, mental disorders, etc.) as well as a lower all-cause and
cause-specific mortality in offspring and grandchildren com-
pared to controls (5). However, there are few studies of the
protective effect of familial longevity in centenarians.

Some studies reported sustainable and life-long advantages
of familial longevity for siblings of centenarians compared
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In Denmark, 3 nationwide studies of long-lived siblings
provide an excellent basis for testing whether the protective
effect of familial longevity persists to extreme ages if more
strict definitions of familial longevity are used, that is, the
presence of at least 2 long-lived siblings in the sibship or a
high Family Longevity Selection Score (FLoSS) (9). Using data
from these studies and from the Danish national registers,
we investigated survival from age 100 in individuals from
long-lived sibships comparing it to the survival of sporadic
100-year-old individuals from the general Danish population.

Method

Study Population

The identification of long-lived siblings was undertaken in
3 nationwide, consecutive studies in Denmark, for which
recruitment ran sequentially during the Years 2004-2009:
the Danish Oldest Siblings (DOS) pilot study, the Genetics
of Healthy Ageing (GeHA) study (10), and the Danish part
of the Long Life Family Study (LLFS) (9,11). All individuals
born before April 2,1918, and alive in 2004 were identified in
the Danish Civil Registration System (CRS). Long-lived sib-
lings were defined in different ways depending on the study.
Recruitment to DOS was conditional on at least 2 siblings
being alive and 88 years or older (less than 5 sibships had not
reached the age of 90+, but were close, at the time of inter-
view); recruitment to GeHA required at least 2 siblings to be
alive and above age 90, and the LLFS recruited only families
with a FLoSS above 7 (9). The FLoSS is a metric developed
to rank families for selection into a family study of longev-
ity based on an estimated family longevity score built from
birth-, gender-, and nation-specific cohort survival probabil-
ities and with a bonus for older living siblings (9). A large
FLoSS reflects either a large number of siblings reaching older
ages or 2 siblings reaching extreme older ages (oldest percen-
tile of a birth cohort). The present study comprises all sibships
from DOS, GeHA, and LLFS combined and all siblings from
these sibships were included in the analyses regardless of their
time of death (ie, also siblings who died before the 3 surveys
were conducted are included in the analyses). In all, 3 972 sib-
lings from 659 families were enrolled in either DOS, GeHA,
or LLFS, with 659 siblings from 114 families in DOS, 2 736
siblings from 469 families in GeHA, and 577 siblings from 76
families in the LLFS.

Long-lived siblings enrolled in these studies and who
reached age 100 were included. For each sibling, 5 controls
matched on sex and year of birth were randomly selected
among individuals from the Danish population who had
reached age 100. In the subanalysis of LLFS siblings, where
the sample was markedly smaller, 20 controls per sibling were
randomly selected with the same matching criteria as above.

Few long-lived siblings included in these 3 studies were
interviewed after age 100 (n =32). However, to avoid an
immortal bias for these cases, 5 controls matched on sex and
year of birth were randomly selected among individuals from
the Danish population who had reached the age of the case at
time of interview, and they were followed regarding mortality
from that age.

A subanalysis was performed for the families from the
LLFS who all fulfilled the requirement of FLoSS > 7. Thus,
analysis of the subsample of LLFS siblings and their controls
enabled us to study families with FLoSS > 7 as the definition
of long-lived families (9).

The CRS

The CRS covers the entire population alive and residing
in Denmark since April 2, 1968, and contains information
on each resident’s vital status, sex, place, date of birth, and
death (12,13). All persons registered in the CRS are assigned
a unique personal identification number used in all national
registers, enabling accurate linkage between all national regis-
ters. Once a person has been assigned a unique personal iden-
tification number, the same number will not be assigned to
other persons, and this number follows the person afterwards.

Overall Survival

Survival time was calculated from age 100 to the date of
death or last follow-up date (December 16,2021), whichever
came first. For the cases interviewed after age 100, survival
time was calculated from the interview date onwards, and
similarly for the matched controls.

All-cause mortality was defined as death from any cause.
Individuals still alive were censored at the date of the last
follow-up.

Statistical Analyses

The remaining life span from age 100 was described in terms
of median 25th, 75th, and 90th percentiles. Survival time
from age 100 was described with Kaplan-Meier curves for
siblings and controls separately and compared using the log-
rank test. Survival analyses were performed using stratified
Cox proportional hazards models based on the matching
strata. Proportional hazards assumption was assessed graphi-
cally using log-log plots.

Analyses were carried out for the entire population and
subsequently for females and males separately.

The study has been approved by The Regional Scientific
Ethical Committees for Southern Denmark (S-VF-20030227),
The Danish Data Protection Agency (J.nr. 2008-41-1753),
and University of Southern Denmark, Research & Innovation
Organization (J.nr. 10 635).

Results

Population Characteristics

A total of 340 individuals from long-lived sibships who sur-
vived to age 100 and 1 700 controls were included. Among
them, 1 650 (81%) were women. The median age at the
end of follow-up was 101.7 years for women (interquar-
tile range [IQR]=100.7-103.1) and 101.3 years for men
(IQR =100.5-102.7).

Regarding the subanalysis, 69 long-lived siblings from
the LLFS who survived to age 100 and 1 380 controls were
included. The population was mainly female (=1 176,
81%). The median age at the end of follow-up was 101.4
years for women (IQR = 100.6-102.8) and 101.1 years for
men (IQR =100.4-102.6).

Remaining Life Span

Among long-lived siblings, the median remaining life span
(ie, life span above age 100) was 25% longer than among
controls: 1.9 years versus 1.5 years (Table 1). At higher
percentiles, the relative differences were slightly attenuated
while the absolute differences were slightly increased: at 75th
percentile, remaining life spans of long-lived siblings and
controls were 3.5 and 2.9 years (21% increase) and at 90th
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Table 1. Descriptive Statistics of Life Span of Danish Centenarian Siblings Compared to Matched Centenarian Controls: Median, Lower and Upper
Quartile, and 90th Percentile of the Subset of Siblings and Controls, Where Those Recruited After Age 100 (32 siblings; 160 controls) Were Removed

N Lower 95% CI Median  95% CI Upper 95% CI 90th 95% CI
Quartile Quartile Percentile
All LEF siblings 340 101.0 100.8-101.1 101.9 101.6-102.1 103.5 103.2-103.8 105.3 104.6-105.8
siblings Matched controls 1700 100.6 100.6-100.7 101.5 101.4-101.6 102.9 102.7-103.1 104.6 104.3-104.8
Females LEF siblings 275 101.0 100.8-101.1 102.0 101.7-102.3 103.6 103.3-104.2 105.6 104.8-105.9
Matched controls 1375 100.7 100.6-100.7 101.5 101.4-101.7 102.9 102.7-103.1 104.6 104.3-104.8
Males LEF siblings 65 100.9 100.6-101.2 101.6 101.2-101.9 102.9 102.1-103.4 * FE
Matched controls 325 100.5 100.4-100.6 101.2 101.1-101.6 102.8 102.4-103.1 * *
LLFS LLFS siblings 69 101.1 100.5-101.4 102.1 101.5-103.3 104.2 103.5-105.2 105.9 104.7-*
siblings Matched controls 1380 100.6 100.6-100.7 101.4 101.3-101.6 102.8 102.6-103.0 104.6 104.4-104.9
Notes: CI = confidence interval; LEF = Longevity-enriched families; LLFS = Long Life Family Study.
*Not presented due to Danish rules regarding small samples.
percentile they were 5.3 and 4.6 years (16% increase). While MS i Temaales i
for males, there were not great differences except at the earli- — gf::ra:

est ages, corresponding to the 25th percentile and somewhat
at the median, these overall tendencies carried over to the
females.

The median remaining life span (Table 1) was 33% longer
among LLFS siblings than among controls (2.0 years vs 1.5
years) and the relative differences were slightly attenuated at
higher percentiles.

Survival After Age 100

By the end of the follow-up, 1 963 (96%) individuals had
died, comprising 325 (96 %) siblings and 1 638 (96%) con-
trols. Overall survival for siblings and controls was 87% and
80% at 6 months, 74% and 63% at 1 year, 48% and 38% at
2 years, and 11% and 7% at 5 years, respectively (Figure 1).
Long-lived siblings presented better overall survival than spo-
radic long-livers (hazard ratio [HR] = 0.80, 95% confidence
interval [CI] = 0.71-0.91).

In women, overall survival for siblings and controls was 87%
and 81% at 6 months, 74% and 65% at 1 year, 50% and 38%
at 2 years, and 13% and 7% at 5 years, respectively (Figure
2). In men, overall survival for siblings and controls was 87%
and 75% at 6 months, 74% and 58% at 1 year, and 37% and
37% at 2 years, respectively (Figure 3). Female long-lived sib-
lings had better overall survival than controls (HR = 0.77, 95%
CI = 0.77-0.88), but male long-lived siblings did not (HR = 0.99,
95% CI = 0.75-1.32). Nevertheless, male long-lived siblings had
a lower, but nonsignificant, risk of death in the first 2 years after
age 100 than controls (HR = 0.86,95% CI =0.61-1.21).

In the subanalysis of the LLFS siblings, 1 353 (93.4%) had
died by the end of follow-up: 64 (93%) siblings and 1 289
(93%) controls. Overall survival for LLFS siblings and controls
was 86% and 79% at 6 months, 76% and 63% at 1 year, 50%
and 39% at 2 years, and 16% and 8% at S years, respectively
(Figure 4). LLFS long-lived siblings had better overall survival
than sporadic long-livers (HR = 0.65, 95% CI = 0.50-0.85).

Discussion

Our results demonstrated the persistence of a protective effect
of familial longevity after age 100. The long-lived siblings had
substantially lower mortality risk after age 100 than sporadic
centenarians.
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Figure 1. Survival from age 100 of Danish long-lived siblings (n = 340)
and controls (n =1 700), Kaplan-Meier curve.

Our study sample is mainly female (7 = 81%), which aligns
with previous reports. For example, 84% of European cente-
narians and nearly 85% of Danish centenarians were females
in 2011 (14). A study published in 2017 reported that most
centenarians die within the first 2 years after reaching age
100, with relatively few surviving much longer (15). In our
study, at age 102, 60% of females and 63% of males were
deceased.

Our results showed better overall survival from age 100
in long-lived siblings compared to controls. After stratify-
ing the analyses by sex, only women had significantly bet-
ter survival than controls. As mentioned in the introduction,
Gavrilova and Gavrilov suggested that the protective effect
of familial longevity becomes negligible for centenarians
(8). However, in line with our study, another study reported
a gap in survival between siblings of centenarians and con-
trols at very old ages, including age 100+, but that study only
demonstrated a survival advantage in women (7). Indeed, in
this study, women had a relative death rate from age 100 of
0.66 (95% CI =0.43-0.90), whereas the relative death rate
in men was 1.15 (95% CI = 0.86-1.44). As women globally
present higher life expectancy than men, male centenarians
are scarce. Thus, our analyses may lack statistical power to
demonstrate the protective effect of familial longevity in men.
In addition, a Dutch study of longevity reported a marked
survival advantage over sporadic long-livers at ages 89-99
years both for males and females (16). Although this Dutch
study did not investigate survival advantages after age 100,
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Figure 2. Survival from age 100 of female Danish long-lived siblings
(n = 275) and controls (n =1 375), Kaplan—-Meier curve.
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Figure 3. Survival from age 100 of male Danish long-lived siblings
(n =65) and controls (n = 325), Kaplan-Meier curve.
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Figure 4. Survival from age 100 of Long Life Family Study (LLFS) long-
lived siblings (n = 69) and controls (n = 1 380), Kaplan—-Meier curve.

long-lived families were selected according to criteria very
similar to ours (2 long-lived siblings: males 89+ years, females
91+ years).

The importance of the role of the criteria for defining long-
lived families has been underlined several studies focusing on
optimizing family selection for longevity studies (17,18). In
these studies, it was found that a large percentage of individ-
uals in the family must be long-lived (30% of siblings and
ancestors in upper 10th percentile). Using the familial longev-
ity score threshold from the LLFS instead of 2 siblings above
age 90+, we found similar results: the LLFS long-lived siblings
had better survival after age 100 than sporadic centenarians.

Because the LLFS typically selects families with many long-
lived siblings, it might be expected that the survival advan-
tage is particularly large in this subpopulation. In fact, in the
present study, we found a 35% lower mortality among LLFS
siblings as compared to a 20% lower mortality among all
long-lived siblings.

The main explanation for the discrepancy between our
results and those of Gavrilova and Gavrilov is likely to be the
different definitions of long-lived sibships (8). In the study by
Gavrilova and Gavrilov, long-lived sibships are defined by the
presence of 1 centenarian and at least 1 parent living to age
80+, whereas in our study, they are defined more strictly, either
by the presence of 2 long-lived siblings or a family FLoSS score
above 7 (9). In addition, the use of national data made it possi-
ble to randomly select at least 5 controls per long-lived sibling.
Finally, a strength of our study also lies in the fact that we had
no missing data and virtually no loss to follow-up due to our
registry-based design, which enabled a thorough study of the
centenarians and provided high-quality data on death.

However, our study also presents some limitations.
Compared to previous studies including large centenarian
population (6,8), we only included 340 individuals from
long-lived sibships who survived to age 100. However, these
individuals were matched to 5 sporadic long-livers from the
general population, leading to a sizeable control group. In
addition, this sample size enabled a demonstration of the
protective effect of familial longevity. Nevertheless, the
number of male centenarians was scarce, and our analyses
lack statistical power for this group. This lack of power may
partly explain the nonsignificant results in men. Moreover,
socioeconomic status (including education, income, etc.)
was not available, and we cannot rule out that the long-
lived siblings had higher socioeconomic status than sporadic
long-livers. However, in a previous study, we compared the
siblings to control samples using the Danish 1916 Census,
and we did not find statistically significant differences in
income, wealth, or taxes between the long-lived families and
the controls (5).

In conclusion, the protective effect of familial longevity per-
sists after age 100, if “familial” is defined by the presence of
2 long-lived siblings (90+) or a FLoSS score above 7. This
study suggests a stronger genetic component to longevity in
families with more than 1 long-lived member, as compared
to sporadic long-livers. While sporadic long-livers are likely
to have gene variants that increase the chance of longevity,
our results suggest that they are even more pronounced in
long-lived families. This study supports the view that familial
longevity cases could be much more informative for studying
mechanisms of longevity than sporadic cases. Indeed, a recent
study of the health of offspring and grandchildren of the long-
lived siblings that provided the study base for the present
study showed a health advantage for the grandchildren that
started already at birth (5). Combined with the results from
the present study, this suggests a protective effect of familial
longevity from birth to age 100+.
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