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a b s t r a c t

Purpose: Familial clustering of longevity is well documented and includes both genetic and other familial
factors, but the specific underlying mechanisms are largely unknown. We examined whether low inci-
dence of specific cancers is a mechanism for familial clustering of longevity.
Methods: The study population of individuals from longevity-enriched families consisted of 3267
offspring from 610 Danish long-lived families defined by two siblings attaining an age of 90 years or
more. The offspring of the long-lived siblings were followed from 1968 to 2009. Using high-quality
registry data, observed numbers of cancers were compared with expected numbers based on gender-,
calendar period-, and age-specific incidence rates in the general population.
Results: During the 41-year-follow-up period, a total of 423 cancers occurred in 397 indivi-
duals. The standardized incidence ratios (95% confidence interval) for offspring of long-lived
individuals were 0.78 (0.70e0.86) for overall cancer; 0.66 (0.56e0.77) for tobacco-related cancer;
0.34 (0.22e0.51) for lung cancer; 0.88 (0.71e1.10) for breast cancer; 0.91 (0.62e1.34) for colon
cancer.
Conclusions: The low incidence of tobacco-related cancers in long-lived families compared with non
etobacco-related cancers suggests that health behavior plays a central role in lower early cancer inci-
dence in offspring of long-lived siblings in Denmark.

� 2015 Elsevier Inc. All rights reserved.
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Introduction

Familial clustering of longevity has been demonstrated in a
number of studies in different populations. It has been shown that
relatives of individuals or sib pairs attaining high ages have a better
survival than comparison groups [1e3]; that the oldest proportion
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of a population is more closely related than would be expected by
chance [4]; and that the association between long-lived probands
and survival in their relatives is stronger the closer they are related
[4,5]. Several studies of Scandinavian twins found that life span is
moderately heritable [6e8], and that the heritability is likely to
increase at the highest ages [9]. Less is known about the mecha-
nisms behind the familial clustering of longevity, but both genetic
and environmental factors contribute to longevity. In cross-
sectional studies, evidence has been provided for better health
status in longevity-enriched families compared with control groups
not enriched for longevity in terms of lower prevalence of
myocardial infarction, hypertension, diabetes, cardiovascular dis-
ease, and pulmonary disease [10e13]. Interestingly, in a U.S. and a
Danish nationwide study [10,12], no associationwas found between
familial longevity enrichment and cancer prevalence, and in a
Dutch study [14], no association between number of cancer-
associated risk alleles and longevity-enriched families was found.
Studies involving other measures of health such as self-rated health
and physical measures [12] and measures of tasks requiring
attention, working memory, and semantic processing [15] found
favorable outcomes in offspring of longevity-enriched families
when compared with individuals without a family history of
exceptional survival.

To better understand the mechanisms that lead to these states
of good health in long-lived families and to longevity itself, lon-
gitudinal studies are needed that follow members of these fam-
ilies over time. Some such studies exist and have found lower
cause-specific mortality and delayed onset of disease for several
leading causes of death [16e19], but only one [18] found lower
cancer mortality. The previously mentioned literature provides
mixed evidence for a lower cancer occurrence as a mechanism for
clustering of longevity in families. Although some animal studies
indicate a trade-off mechanism between aging and the risk of
cancer [20e24], two more recent studies suggest that familial
longevity enrichment is associated with lower cancer incidence
[25,26]. In the following, we take advantage of Danish population
registers, and the screening of long-lived families in three
nationwide studies to shed light on possible mechanisms by
comparing incidence of all cancers except nonmelanoma skin
cancer, as well as incidence of specific common cancer
types, breast cancer, colon cancer, prostate cancer, lung cancer,
and tobacco-related cancer, in the long-lived families, with
population-based cancer incidence rates stratified for gender, age,
and calendar period. The offspring generation of long-lived fam-
ilies is thus compared to the entire Danish population using the
population-based rates. Based on the Danish twin study [25], we
expect to find lower cancer incidence among offspring, indicating
that lower cancer occurrence is contributing to familial longevity.
Also, incidence of specific cancers may provide further informa-
tion about the mechanism.

Methods

Study population

For a more detailed description of the procedure for identifying
and including offspring from long-lived families, see Appendix. Here,
follows a brief outline of the inclusion procedure: The identification
of offspring from long-lived families was undertaken in three
nationwide, consecutive studies in Denmark, for which recruitment
ran sequentially during the years 2004 to 2009, a pilot studydDanish
Oldest Siblings (DOS) pilot study, the Genetics of Healthy Aging
(GeHA) study [27], and the Long Life Family Study (LLFS) [28].

Initially, all individuals born before April 2, 1918, and alive in
2004 were identified in the Danish Civil Registration System
(DCRS), which covers all persons alive and living in Denmark on or
after April 2, 1968 [29]. Identification of long-lived sib pairs from
the DCRS and church records is described in the Appendix. In all,
1511 siblings from 659 families were enrolled in either DOS, GeHA,
or LLFS, with 246 siblings from 114 families in DOS, 1000 siblings
from 469 families in GeHA, and 265 siblings from 76 families in
LLFS. To further ensure reliable family information and that the
families in this study were strongly enriched for longevity, we
restricted our study population to the offspring of those siblings
who (1) participated in an interview in either DOS, GEHA or LLFS,
(2) survived to the age of 90 years or more before July 1, 2010, and
(3) had at least another participating sibling surviving to the age of
90 years or more before July 1, 2010. This means that the population
under study consisted of the offspring of those sets of siblings who
survived to the age of 90 years or more and participated in an
interview (DOS, GEHA, or LLFS). A total of 1405 siblings from 628
families (99 families in the DOS, 454 families in the GeHA study, and
75 families in the LLFS) fulfilled these criteria. Of the 1405 siblings,
264 had no offspring, so of the remaining 1141 siblings from 611
families, 3297 offspring were identified. Of these offspring, six had
unknown vital status in the DCRS, further 17 had a status as emi-
grants at the end of study in 2009 but with an unknown date of
emigration, and one with emigration status had emigrated before
April 2, 1968; four offspring had died at an unknown date, and two
had died before April 2, 1968. The remaining 3267 offspring from
610 families comprise our study population.

Cancer incidence

To study cancer incidence in the long-lived families, we used the
personal identification number to link the study population to the
Danish Cancer Registry (DCR) [30]. This registry is population-
based and contains records of all incidences of malignant neo-
plasms in the Danish population from 1943 onward. The register is
considered almost complete: in a comparison with independent
and redundant data from the Hospital Discharge Registry system,
death certificates, and a pathology register, the validity and
completeness of the DCR was found to be 95% to 98% [30e32].
Moreover, with a proportion of 89% of all tumors having been
morphologically verified, it has a high degree of validity.

The classification of cancer in the DCR before 1977 was based on
the modified International Classification of Diseases (ICD) seventh
revision classification, between 1978 and 2003 cancer was also
classified according to the ICD-Oncology-1 (ICD-O-1) classification,
and from 2004 onward, the ICD-10 and ICD-O-3 classifications have
both been used. Furthermore, for the period 1978 to 2003, the
classification was converted from modified ICD-7 to ICD-10 and
from ICD-O-1 to ICD-O-3 [30]. To allow for comparison of cancer
incidence across periods of different classification systems, cancer
diagnoses were grouped into 41 entities of specific cancers
following the methodology in the trans-Nordic cancer study
collaboration (NORDCAN) [33,34]. We studied overall incidence as
well as breast, colon, prostate, lung, and combined tobacco-related
cancer. In the study of all cancers, we excluded nonmelanoma skin
cancer, and in the study of overall as well as tobacco-related cancer,
we permitted an individual to have several primary cancers while
adhering to the International Agency for Research on Cancer or the
International Association of Cancer Registries rules of counting
multiple cancers in the same site as one primary cancer only [35].
Consequently, prevalent cases do not contribute with new cancers
to the cancer site for which they are prevalent, nor do they
contribute with risk time for the cancer incidence of that specific
site. The category of tobacco-related cancers consisted of the
pooling of the following 18 NORDCAN cancer sites (using NORDCAN
terminology): lip, tongue, mouth, salivary glands, pharynx,



Fig. 1. Danish long-lived siblings and their offspring: birth year distribution and cancer
occurrence in offspring.
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esophagus, stomach, colon, rectum and anus, pancreas, nose and
sinuses, larynx, lung, cervix uteri, ovary and others, kidney, bladder
and others, and acute leukemia [36]. The exact ICD-10 and ICD-7
codes for the NORDCAN cancer sites have been published in Acta
Oncologica (Table 2) [34].
Statistical methods

Comparison of cancer incidence between the offspring of long-
lived families and the background Danish population was carried
out using indirect standardized incidence ratios (SIRs) stratified on
5-year age bands, 5-year calendar periods, and sex. Because
members of long-lived families were linked to the DCR by their
Table 1
Cancer incidence in offspring of Danish long-lived families from 1968 to 2009 stratified

Sex Age band (y) Risk time Observ
of canc

Person-years % Count

Males 0e14 630.3 1.0 0
15e29 11,073.8 16.8 3
30e34 7495.5 11.3 3
35e39 7930.2 12.0 5
40e44 7957.1 12.0 5
45e49 7876.2 11.9 9
50e54 7589.4 11.5 14
55e59 6795.0 10.3 34
60e64 5079.2 7.7 49
65e69 2607.3 3.9 34
70e74 818.6 1.2 15
75e79 171.3 0.3 4
�80 28.0 0.0 0
Total 66,051.8 100.0 175

Females 0e14 654.4 1.0 0
15e29 11,155.2 17.0 3
30e34 7467.4 11.4 6
35e39 7924.2 12.1 9
40e44 7945.1 12.1 12
45e49 7804.9 11.9 24
50e54 7504.6 11.4 41
55e59 6647.7 10.1 51
60e64 4913.7 7.5 47
65e69 2598.4 4.0 30
70e74 871.8 1.3 24
75e79 141.8 0.2 1
�80 14.9 0.0 0
Total 65,644.2 100.0 248

Exp ¼ expected number of cancers; obs ¼ observed number of cancers.
personal identification number from the DCRS, which has only been
given to persons alive and living in Denmark on or after April 2,
1968, we only considered cancer incidence after this date. Last
follow-up datewas December 31, 2009. Estimation of SIRs was done
using Poisson regression with robust standard error estimates
[37,38] to adjust for the family clusters.

The study has been approved by the Regional Scientific Ethical
Committees for Southern Denmark (S-VF-20030227) and the
Danish Data Protection Agency (#J.nr. 2008-41-1753).
Results

A total of 3267 offspring from 610 families with 3696 identified
siblings constituted the risk population of which 1641 (50.2%) were
males. The total observation time was more than 130,000 person-
years. For breast cancer in women, the observation time was
64,980 person-years, and for prostate cancer in men, the observa-
tion time was 65,876 person-years.

The birth year ranged from 1921 to 1970 with a median birth
year of 1944 (see Fig. 1). The median age at entry was 23.4 years
(range: 0e46.6 years), and the median age at exit from study was
64.4 (range: 18.0e88.3 years). On December 31, 2009, at the end of
study, 88.9% of the initial study population of 3267 individuals was
still under observation, 9.1% were deceased, and 2.0% had out-
migrated. With regard to observation time, 85.9% was in the age
group 15 to 59 years, and only 13.1% was in the age group above
60 years (Tables 1 and 2). A total of 423 primary cancers were
observed among 397 individuals during the study period. This
corresponded to 373 individuals with one primary cancer, 22 in-
dividuals with two primary cancers, and two individuals with three
primary cancers. Of these cancers, 219 (51.8%) were diagnosed at
ages 15 to 59 years, another 160 cases (37.8%) at ages 60 to 69 years,
and finally 44 cases (10.4%) after the age of 70 years (Tables 1 and 2).
on sex and age

ed number
ers

Expected number
of cancers

SIR
(obs/exp)

95% CI

%

0.0 0.1 0 d

1.7 3.6 0.83 0.27e2.54
1.7 4.2 0.71 0.23e2.20
2.9 6.5 0.77 0.32e1.84
2.9 10.1 0.49 0.21e1.18
5.1 17.5 0.52 0.27e0.98
8.0 30.1 0.46 0.28e0.78

19.4 47.5 0.72 0.51e1.01
28.0 61.2 0.80 0.60e1.07
19.4 49.2 0.69 0.49e0.98
8.6 21.4 0.70 0.41e1.20
2.3 5.3 0.75 0.24e2.39
0.0 0.9 0 d

100.0 257.7 0.68 0.58e0.79
0.0 0.1 0 d

1.2 3.6 0.84 0.27e2.60
2.4 6.4 0.94 0.43e2.08
3.6 12.2 0.74 0.36e1.51
4.8 20.9 0.57 0.31e1.05
9.7 32.7 0.73 0.50e1.08

16.5 44.6 0.92 0.66e1.28
20.6 54.8 0.93 0.71e1.22
19.0 56.0 0.84 0.63e1.12
12.1 38.3 0.78 0.55e1.12
9.7 15.2 1.58 1.05e2.40
0.4 2.9 0.34 0.05e2.46
0.0 0.3 0 d

100.0 288.0 0.86 0.75e0.98



Table 2
Cancer incidence in offspring of Danish long-lived families from 1968 to 2009, male
and female combined, stratified on age

Age
band (y)

Risk time Observed no.
of cancers

Expected
no. of
cancers

SIR
(obs/exp)

95% CI

Person-years % Count %

0e14 1284.7 1.0 0 0.0 0.1 0 d

15e29 22,229.0 16.9 6 1.4 7.2 0.83 0.37e1.85
30e34 14,962.9 11.4 9 2.1 10.6 0.85 0.44e1.62
35e39 15,854.5 12.0 14 3.3 18.7 0.75 0.43e1.31
40e44 15,902.2 12.1 17 4.0 31.1 0.55 0.33e0.90
45e49 15,681.1 11.9 33 7.8 50.2 0.66 0.47e0.91
50e54 15,094.0 11.5 55 13.0 74.8 0.74 0.55e0.98
55e59 13,442.7 10.2 85 20.1 102.3 0.83 0.67e1.03
60e64 9992.8 7.6 96 22.7 117.1 0.82 0.66e1.02
65e69 5205.8 4.0 64 15.1 87.5 0.73 0.57e0.94
70e74 1690.4 1.3 39 9.2 36.6 1.07 0.77e1.49
75e79 313.1 0.2 5 1.2 8.2 0.61 0.22e1.65
�80 42.9 0.0 0 0.0 1.2 0 d

Total 131,696.0 100.0 423 100.0 545.7 0.78 0.70e0.86

Exp ¼ expected number of cancers; obs ¼ observed number of cancers.
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The comparison of overall cancer incidence between the
offspring and the Danish population is found in Tables 1 and 2
together with age-specific SIRs. We found 22% fewer cancer cases
among the offspring compared with the Danish population, corre-
sponding to 423 observed versus 545.7 expected cancer cases. The
SIR was 0.68 (95% confidence interval [CI]: 0.58e0.79) for men and
0.86 (95% CI: 0.75e0.98) for women. For men, at ages under 29
years, more than 80 years, and in intervening 5-year age groups,
age-specific SIRs varied between 0.46 and 0.83. Similarly for
women, in the same age intervals, the SIRs ranged between 0.57
and 0.94 with two exceptions, one at ages 70 to 74 years for which
the SIR was 1.58 (95% CI: 1.05e2.40) and the other at ages 75 to 79
years with a SIR of 0.34 (95% CI: 0.05e2.46).

In the analyses of specific cancer types (Table 3), without cor-
recting the significance level for multiple testing, we found a
markedly and significantly lower incidence of lung cancer in the
Table 3
Cancer incidence of overall and specific cancers in offspring of Danish long-lived
families from 1968 to 2009, stratified on sex

Cancer type Observed
no. of
cancers

Expected
no. of
cancers

SIR
(obs/exp)

95% CI

Overall
Males 175 257.7 0.68 0.58e0.79
Females 248 288.0 0.86 0.75e0.98
Males þ females 423 545.7 0.78 0.70e0.86

Breast
Females 84 95.2 0.88 0.71e1.10

Colon
Males 12 17.9 0.67 0.38e1.17
Females 19 16.2 1.17 0.71e1.94
Males þ females 31 34.1 0.91 0.62e1.34

Prostate
Males 43 38.2 1.13 0.84e1.52

Lung
Males 8 39.5 0.20 0.10e0.40
Females 16 31.7 0.50 0.30e0.84
Males þ females 24 71.2 0.34 0.22e0.51

Tobacco-related cancer (including lung)
Males 76 143.4 0.53 0.43e0.66
Females 96 117.3 0.82 0.66e1.02
Males þ females 172 260.7 0.66 0.56e0.77

Tobacco-unrelated cancer
Males 99 114.3 0.87 0.71e1.06
Females 152 170.6 0.89 0.75e1.05
Males þ females 251 284.9 0.88 0.77e1.00

Exp ¼ expected number of cancers; obs ¼ observed number of cancers.
offspring for both sexes. The SIR estimate was 0.20 (95% CI:
0.10e0.40) for men and 0.50 (95% CI: 0.30e0.84) for women.
Similarly, for tobacco-related cancer (including lung cancer) the SIR
was 0.53 (95% CI: 0.43e0.66) for men and 0.82 (95% CI: 0.66e1.02)
for women. For tobacco-related cancer, we observed 172 cancers
which compares to an expected number of 260.7 and a difference of
88.7 cancers. This leaves 33.9 fewer cases of tobacco-unrelated
cancer among offspring when comparing the observed 251
tobacco-unrelated cancers with an expected number of 284.9
tobacco-unrelated cancers in a Danish population with similar sex,
age, and birth year distribution, corresponding to a SIR of 0.88 (95%
CI: 0.77e1.00). Considering even tobacco-related cancers excluding
lung cancer, we observed 148 cases compared with an expected
189.4 cases corresponding to a SIR of 0.78 (95% CI: 0.66e0.93).

Generally, the observed SIRs were lower inmales than in females,
most pronounced for tobacco-related cancers: 0.53 (0.43e0.66)
versus 0.82 (0.66e1.02). Of the 88.7 “missing” tobacco-related can-
cers among the longevity-enriched offspring, males accounted for
67.4 (76%).

In these results, multiple testing problems may be an issue, and
a conservative way to adjust for this is to use a Bonferroni correc-
tion. Basing the correction on 12 individual hypotheses, the SIRs for
overall cancer and lung cancer were no longer significantly below 1
among females, but among males the SIRs for overall cancer, lung
cancer, and tobacco-related cancer remained significantly well
below 1.

In our analyses, we have excluded 17 emigrants with unknown
date of migration, six individuals with unknown vital status, and
four individuals with unknown date of death. Because of the ac-
cess of all Danish citizens to a high-quality, free health care system
and, given the recruitment of the study, to the presumably Danish
family network of the offspring, it is unlikely that migrants should
have higher cancer incidence than other offspring. However, a
possible bias toward too low SIR estimates as a consequence of the
exclusion cannot be ruled out. To assess an upper bound of the
possible impact this exclusion could have on biasing our SIR es-
timates, we performed a sensitivity analysis for the overall cancer
SIRs, specifying that all 27 individuals had cancer, uniformly
diagnosed over the study period and with subsequent death
7 days after cancer diagnosis. As expected, the SIRs of the sensi-
tivity analysis were slightly larger than those from our main
analysis: 0.73 (95% CI: 0.63e0.85) for males and 0.90 (95% CI:
0.79e1.03) for females.

The reduced occurrence of tobacco-related cancer prompted an
analysis of the smoking behavior in the offspring of the families
from the LLFS, because for these families questionnaire data on
smoking habits in offspring were available. Among 627 interviewed
offspring in LLFS, 19.1% (95% CI: 15.7e23.1) were current smokers
and 9.6% (95% CI: 7.3e12.6) were current heavy smokers. These
prevalences were 24%, respectively, 17% lower on a relative scale
than predicted from age- and sex-specific smoking prevalences in
the Danish population (www.sundhedsprofil2010.dk).

Discussion

Our findings of lower cancer occurrence in the offspring of long-
lived individuals confirm the findings of a Danish twin study [25]
that indicates that longer life span of one co-twin is associated
with lower cancer incidence in the other. Also, our findings are in
agreement with those of the Health and Retirement Study cohort
[26], which is a U.S. representative cohort study that showed that
having one or two long-lived parents is associated with lower
cancer incidence compared with having two parents attaining an
intermediate age. The novelty of the finding in our study is that the
lower cancer incidence in long-lived families can largely be

http://www.sundhedsprofil2010.dk
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attributed to lower tobacco-related cancer incidence. Two factors
might underlie our finding of reduced tobacco-related cancers in
individuals with long-lived parents. First, genetic factors contrib-
uting to longevity might overlap genes that protect the host from
developing cancer, given exposure. Second, genetic factors
contributing to longevity might overlap genes related to smoking
exposure.

Scandinavian twin studies have estimated that 20% to 30% of the
variation in life span can be attributed to genetic factors, and that
this heritability increases with age, whereas essentially no effect of
shared environment has been found. At a first glance, a finding of
familial clustering of low smoking prevalence could be seen as a
contradiction to twin studies that have not been able to demon-
strate an effect of shared familial environment as a mechanism for
familial clustering of longevity [6e9]. However, it is quite possible
that genes contributing to longevity express themselves through an
affinity for healthy lifestyles: For example, lifestyles in midlife and
late life, such as smoking and physical activities, have a small to
moderate degree of heritability [39]. The choice of lifestyles is a
decision of the individual that may be influenced by genetically
heritable personality traits and abilities, so that, for instance,
physically adept individuals seek out environments with a high
degree of physical activity. The lower tobacco-related cancer inci-
dence in offspring of long-lived siblings may be explained by ge-
netic loci in the genome of the longevity families contributing to
longevity by protecting smokers from developing cancer. Alterna-
tively, the families may display beneficial smoking habits because of
the influence of such loci or shared environmental factors. The
latter explanation seemsmost likely considering the lower smoking
frequency found among the offspring in the LLFS.

The overall cancer SIR of 0.75 in our study was remarkably
similar to the hazard ratio estimate of 0.76 for cancer incidence in
the Health and Retirement Study [26] that compared offspring
having at least one long-lived parent to those having two
intermediate-lived parents, and where the offspring were followed
from about 55 to 75 years of age. The hazard ratio estimate was,
however, adjusted for environmental factors, including smoking,
but this only minimally modified the unadjusted hazard ratio. To
the extent that familial longevity is associated with less smoking, it
seems reasonable to expect that cancer-specific mortality should be
lower in longevity-enriched families, as was found in the New
England Centenarian Study [18] but not in the Utah Population
Database study [17]. In the former study, the centenarian offspring
had lower smoking prevalence than the controls, whereas in the
latter study of a Utah population, no information on smoking habits
was presented. However, Utah has one of the lowest smoking
prevalences in the U.S., so longevity-enriched families in Utah are
perhaps not discriminated by their smoking habits. Moreover, in
the Utah study, the main analysis was adjusted for a family history
of cancer, and without adjustment there was in fact a moderately
lower cancer mortality associated with familial longevity.

Of the specific cancer types, lung cancer stood out as having a
very low incidence in the offspring, which, given the strong asso-
ciation between smoking and lung cancer, further supports the
finding that smoking prevalence contributes to familial clustering
of longevity. Also, we found lower SIRs for males than females, most
pronounced for tobacco-related cancers, so lower smoking preva-
lence among the offspring, and in particular the male offspring, is
likely to be the major factor resulting in the low cancer incidence.
Solid organ cancers such as breast, colon, or prostate cancer did not
show marked incidence differences between the offspring and the
Danish population, although an observed SIR for breast cancer
below 1 was slightly opposite of what would be expected if
longevity-enriched families were associated with a higher socio-
economic status, as a lower smoking prevalence could suggest.
The strength in this study lies in the large number of individuals
from longevity-enriched families (close to 3300) and the comparison
group of the entire Danish population (about 5 million), both groups
followed for more than four decades. The comparison ensures that
the association between the groups and cancer incidence is not
partially due to higher than normal incidence in the group not
enriched for longevity, as might be the case if offspring of short-lived
parents were selected as comparison group. Moreover, the high-
quality registry data on demographic and cancer variables have
ensured the virtually complete information on ages and cancer
incidence with no loss to follow-up before death or end of study,
except for 2% of out-migrants, and they allowed for adjustment for
age, calendar period, and sex. Also, the initiation of the DCR in 1943
has meant that probably no prevalent cancer cases are registered as
incident cases after 1968, as they would otherwise have remained
undetected for more than 25 years. A weakness of our study is the
unavailability of response rates in the recruitment of nonagenarian
siblings, which makes it difficult to assess the possible extent of a
response bias, for example, a tendency to recruit siblings with safer
behavior than other long-lived siblings and potentially with safer
health behaviors in the next generation. Another weakness is that
the observational power is rather small after the age of 70 years.
Hence, the association of familial longevity with, for example, pros-
tate cancer incidence could not be fully tested in the present sample.

Conclusion

This study suggests lower tobacco-related cancer incidence as a
contributing mechanism for lower early cancer incidence in
offspring of long-lived siblings.
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The study population

The identification of long-lived families in Denmark was
undertaken systematically in five steps. Initially, all individuals born
before April 2, 1918, and alive in 2004 were identified in the
Danish Civil Registration System (DCRS), which covers all persons
alive and living in Denmark on or after April 2, 1968 [1]. Among
other variables, this registry includes information on personal
identification number, gender, date and place of birth, continuously
updated vital status, and the identity of parents and spouses; the
latter, although, only systematically from 1968. After matching the
individuals identified in step 1 in clusters of individuals with the
same birth parish and surname, the second step consisted of
selecting male-male pairs, female-female pairs and male-female
pairs from each cluster of matched individuals. When a cluster
consisted of more than two persons of the relevant sex combina-
tion, the oldest two individuals in the cluster were chosen. The
third step was to identify which of these potential pairs of siblings
were actual siblings by tracing the names of their parents in church
records from each birth parish. This resulted in the identification of
3636 families with at least two siblings being alive and having
reached the age of 86 years or more. As the fourth step, siblings
were invited to participate in one of three studies at the Epidemi-
ology unit of the University of Southern Denmark, for which
recruitment ran sequentially in the following order: the Danish
Oldest Siblings (DOS) pilot study, the Genetics of Healthy Aging
(GeHA) study [2], and the Long Life Family (LLFS) study [3]. Priority
was given to inviting the oldest pairs and then to brothers.
Fig. A1. Flow chart describing the sampling procedure leading to the
Recruitment to DOS was conditional on both siblings being alive
and 88 years or older; recruitment to GeHA required both siblings
to be alive and above the age of 90 years, and the LLFS recruited only
families with a family longevity selection score above 7 [3].
Although higher family longevity selection scores are closely
(positively) correlated with exceptional longevity in families, they
also correlate with the families being large and having many living
members at high ages at the time of recruitment. A family could
only be in one of the following three studies: DOS, GeHA, or LLFS.
Recruitment in the GeHA study led to subsequent exclusion from
recruitment in the LLFS. Finally, as the fifth step, siblings from
sibships with at least two siblings alive and willing to participate
were enrolled in the respective studies until the target number of
families was reached. This resulted in a total of 659 families in the
study population, of which 114 were from the pilot study DOS, 469
were recruited in the GeHA study, and 76 families came from the
LLFS study, so that each family belonged uniquely to one of the
three studies. For each of the three studies, a structured interview
took place in the homes of the participants, where information on
their siblings as well as on the offspring of the participants and the
participants’ siblings was gathered. Interviews were performed by
five trained interviewers located in different parts of Denmark,
thereby covering the entire country. It cannot be ruled out that
unidentified offspring may have worse health profiles, but we
expect that few offspring remain unidentified, as this means that
their participating parent was unable or unwilling to provide name
and birth date.

A total of 1511 siblings from the 659 families were inter-
viewed, resulting in the identification of a total of 3972 siblings
and 5379 offspring of siblings by providing names and birth dates
of these siblings and offspring. To further ensure reliable family
recruitment of offspring of nonagenarian siblings in the study.



Table A1
Descriptives of family characteristics for Danish families recruited in the three
consecutive studies

Family characteristics DOS siblings GeHA siblings LLFS siblings

N 209 969 227
Males
Number and percent 102 48.8% 321 33.1% 82 36.1%

Sib size
Median 2 2 3
Q1 and Q3 2 2 2 2 2 4
Min and max 2 4 2 4 2 6

DOS offspring GeHA offspring LLFS offspring

N 448 2262 557
Males
Number and percent 234 52.2% 1120 49.5% 287 51.5%

Offspring per family
Median 5 5 6
Q1 and Q3 3 6 3 7 3 10
Min and max 1 12 1 17 1 25

Q1 ¼ lower quartile; Q3 ¼ upper quartile.
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information and that the families in this study were strongly
enriched for longevity, we restricted our study population to the
offspring of those siblings who (1) participated in an interview in
either DOS, GEHA, or LLFS; (2) survived to the age of 90 years or
more before July 1, 2010; and (3) had at least another partici-
pating sibling surviving to the age of 90 years or more before July
1, 2010. This means that the population under study consisted of
the offspring of those sets of siblings who survived to the age of
90 years or more and participated in an interview (in DOS, GEHA,
or LLFS). So rather than using cohort and sex-specific cut points
for classifying siblings as being long-lived, we used an opera-
tional criterion of both siblings having attained the age of 90
years regardless of sex and cohort. Although this means that
some families, that is those from older birth cohorts and with one
or both siblings being male, have been selected for a higher de-
gree of longevity enrichment, all families are enriched for
Table A2
Birth year distribution in Danish long-lived siblings, and birth year distribution and ag
consecutive studies

Birth year statistics DOS siblings

N 209
Families 99
Birth year
Median 1911
Range 1897 1916

DOS offspring

N 448
Birth year
Median 1944
Range 1921 1969

Age interval Time at risk Cancers Time at risk

person-years % person-yea

Age 0e30 y 3249.2 17.7% 2 15,833.1
Age 30e50 y 8543.5 46.7% 6 43,217.9
Age 50e60 y 3930.9 21.5% 24 19,840.7
Age 60e70 y 2207.3 12.1% 21 10,655.3
Age 70e80 y 369.1 2.0% 9 1309.1
Age >80 y 13.0 0.1% 0 20.5
Total 18,313.1 62 90,876.6
Affected persons 57
longevity. Names and dates for those alive in 1968 or later were
later verified through DCRS, thereby providing the personal
identification number and enabling the linkage of each individual
to the various registries used in the study. A total of 1405 siblings
from 628 families fulfilled this criterion: 99, 454, and 75 families
in DOS, GeHA, and LLFS, respectively. Of the 1405 siblings, 264
had no offspring, so for the remaining 1141 siblings from 611
families, 3297 offspring were identified. Of these offspring, six
had unknown vital status in the DCRS, further 17 had a status as
emigrants at the end of study in 2009 but with an unknown date
of emigration, and one with emigration status had
emigrated before April 2, 1968; four offspring had died at an
unknown date, and two had died before April 2, 1968. The
remaining 3267 offspring from 610 families comprise our study
population with 448 offspring from 97 DOS families, 2262
offspring from 438 GeHA families, and 557 offspring from 75 LLFS
families (Fig. A1).

The similarities and differences between families recruited in
the different studies are summarized in Tables A1eA3. In Table A1,
we see that although the sex distribution among the siblings
varied from about 50% males in the DOS study to about a third in
the GeHA and LLFS studies, the sex distribution of the offspring
was close to fifty-fifty for all three studies. This table also sum-
marizes the tendency of larger sibships in families enrolled in the
LLFS study, a tendency that is accentuated by the somewhat larger
number of offspring in these families. Table A2 summarizes that
the age distributions in the three studies were very similar. Sim-
ilarity is also found when comparing cancer incidence in these
three studies to the background Danish population stratified on
sex, five-year age bands, and five-year calendar periods, as sum-
marized in Table A3, especially when comparing the overall SIR
between the three studies. The sex-specific SIRs vary moderately,
but especially the DOS and LLFS studies have small samples within
sex strata resulting in the somewhat wide CIs. Taking sampling
variation into account, we find observed cancers to be about
three-fourth of the expected number based on cancer rates in the
Danish population.
e distribution of risk time in offspring of Danish long-lived siblings for the three

GeHA siblings LLFS siblings

969 227
454 75

1912 1913
1901 1917 1902 1921

GeHA offspring LLFS offspring

2262 557

1944 1945
1925 1970 1926 1969

Cancers Time at risk Cancers

rs % person-years %

17.4% 3 4431.4 19.7% 1
47.6% 52 10,639.1 47.3% 15
21.8% 92 4765.1 21.2% 24
11.7% 120 2336.0 10.4% 19
1.4% 27 325.3 1.4% 8
0.0% 0 9.3 0.0% 0

294 22,506.3 67
274 66



Table A3
Cancer incidence in offspring of Danish long-lived siblings, from 1968 to 2009,
stratified on study of enrollment

Study Gender No. of
families

No. of
individuals

Observed
no. of
cancers

Expected
no. of
cancers

SIR
(obs/exp)

95% CI

DOS Males 91 234 25 42.4 0.59 0.39e0.89
Females 86 214 37 36.9 1.00 0.72e1.40
All 97 448 62 79.3 0.78 0.60e1.03

GeHA Males 398 1,120 116 172.4 0.67 0.56e0.81
Females 397 1,142 178 205.4 0.87 0.74e1.02
All 438 2,262 294 377.7 0.78 0.69e0.88

LLFS Males 66 287 34 43.0 0.79 0.56e1.12
Females 70 270 33 45.7 0.72 0.49e1.06
All 75 557 67 88.7 0.76 0.57e1.00

Exp ¼ expected number of cancers; obs ¼ observed number of cancers.
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