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Abstract 30 

Longevity loci represent key mechanisms of a life-long decreased mortality, decreased 31 

morbidity, and compression of morbidity towards the end of life. However, identifying such 32 

loci has shown to be challenging. One of the most plausible reasons is the uncertainty in 33 

defining long-lived cases with a heritable longevity trait amongst long living phenocopies. 34 

We observed that longevity is only heritable for persons belonging to the top 10% survivors 35 

of their birth cohort, or more extreme, with equally long-lived family members. Here we 36 

refine that definition to identify individuals with the heritable longevity trait by using a 37 

unique dataset connecting living study participants to their deceased ancestors covering 38 

57,337 persons from 1,326 five-generational families, living between 1788 and 2019. In the 39 

first study phase, transmission of longevity to descendants in case and control families was 40 

measured by Standard Mortality Ratios. In the second phase we combined all families and 41 

compared longevity transmission in groups based on a novel score, summarizing the familial 42 

history of longevity (Longevity Relatives Count score, LRC). Using this score, we observed 43 

that longevity is transmitted for at least 2 subsequent generations only when at least 20%, 44 

and optimally 30%, of all relatives are long-lived. A stronger survival advantage was observed 45 

for F3 descendants with ≥30% long-lived ancestors than those with at least one long-lived 46 

parent. For future studies, we suggest to include cases with ≥ 30% relatives who belong at 47 

least to the top 10% survivors of their birth cohort and are themselves among the 10% 48 

longest lived.  49 
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Introduction 50 

In contrast to the low heritability of human lifespan (1–4), human longevity is strongly 51 

heritable as illustrated by the familial clustering of survival into extreme ages (5, 6, 15–17, 7–52 

14). Identifying longevity loci is important because these loci likely represent key 53 

mechanisms of a life-long decreased mortality (12, 13), decreased morbidity (9, 17, 18) and 54 

compression of morbidity towards the end of the lifespan (19–21). However, genome wide 55 

linkage and association studies identified only a few robust loci promoting longevity (22–30). 56 

The most compelling evidence was obtained for alleles in the APOE and FOXO3A genes as 57 

they have been consistently identified with either genome-wide association studies (GWAS) 58 

or candidate gene studies (22–27, 31). 59 

 60 

One of the main reasons for the limited success of longevity genetic studies (24–26, 31–33) 61 

is the uncertainty in defining the heritable longevity trait itself (1, 13). Given the increased 62 

life expectancy of the past 200 years due to non-genetic factors (improved hygiene, nutrition 63 

and medication) there are likely many phenocopies among the long-lived cases selected for 64 

our genetic studies (34, 35). We explored the definition of heritable longevity in a previous 65 

study of Dutch (Province of Zeeland) and Utah datasets, and observed that the survival 66 

percentile threshold that best reflects the genetic component of longevity is at the top 10% 67 

survivors of their birth cohort or more extreme. Moreover, the survival advantage of family 68 

members increased with each additional long-lived family member, according to their 69 

genetic distance to the study participant. This indicates that longevity is transmitted as a 70 

quantitative genetic trait (13). However, the majority of genealogical (5–11, 36) and genetic 71 

studies (24–26, 31–33) focus only on single, and thus likely sporadic, long-lived individuals 72 
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(singletons). Shifting focus to single individuals belonging to the top 10% survivors or more 73 

extreme may be an improvement, but has not yet resulted in the identification of robust 74 

novel loci (28). While some studies for example investigate the genetic architecture of 75 

longevity by using parental age instead of the study participants’ age (28, 29) or by focusing 76 

on multiple siblings surviving into old age (15, 25), it remains unclear to what extent 77 

longevity needs to cluster in families in order to include individuals with the heritable 78 

longevity trait, which will increase the power of genetic studies (37).  79 

 80 

Here, we aim to establish the proportion of ancestral blood relatives that should be long-81 

lived (at least belonging to the top 10% survivors of their birth cohort) in order to observe a 82 

survival advantage in their descendants and subsequently define cases with a heritable 83 

longevity trait for inclusion in genetic studies. For our analyses we use the data available in 84 

the Historical Sample of the Netherlands (HSN) for the period between 1860 and 1875 which 85 

is  based on Dutch citizens (38–40). We primarily identify cases who died beyond 80 years 86 

(N=884, on average top 10% (min=top20% and max=top1%) survivors of their birth cohort), 87 

allowing us to select on more extreme ages at death, and controls who died between 40 and 88 

59 years (N=442). We extend this filial (F) 1 generation data with a parental and 3 89 

descendant generations of individual life course and mortality data and refer to the data as 90 

the HSN case/control dataset. The full data comprises 57,337 persons from 1,326 five-91 

generational families. We subsequently exclude groups with high rates of missing mortality 92 

information and where the majority was still alive (Supplementary Figure 4). The final study 93 

population covers 37,825 persons from 1,326 three-generational families (F1-F3) and 94 

contains F1 index persons (IPs), 2 consecutive generations of descendants (F2-F3) and 2 95 
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generations of spouses (F2-F3) (Table 1). The dataset is unique in that it covers multiple 96 

generations and connects alive persons to at least two generations of deceased ancestors.  97 
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Results 98 

Outline 99 

We analyzed the data across multiple steps (Supplementary Figure 5) in two phases. In the 100 

first phase, we used Standardized Mortality Ratios (SMRs) to compare the transmission of 101 

longevity for cases (died beyond 80 years) and controls (died between 40 and 59 years) as 102 

defined in the original approach (Figure 1A), focusing on the F1 index persons (IPs) and two 103 

generations of descendants.    104 

 105 

In the second phase of our study (the combined approach), we combined original cases and 106 

controls and their descendants into one combined group and focused on the survival of the 107 

F3 descendants in relation to their F2 and F1 ancestral family members (Figure 1B). First, we 108 

constructed the Longevity Relatives Count (LRC) score. We used the LRC score to investigate 109 

the proportion of long-lived (top 10% survivors of their birth cohort) F1 and F2 ancestors 110 

required for F3 descendants to express a survival advantage compared to members of the 111 

same birth cohort and sex (family method, Figure 1B). On the basis of these observations we 112 

defined a new case and control group in F3, where we labeled F3 descendants with ≥30% 113 

long-lived ancestors as family cases and those without long-lived ancestors as family 114 

controls. Subsequently, these F3 family cases and controls were compared for their survival, 115 

that of their spouses (to investigate environmental influences), and for survival differences 116 

with the F3 descendants, selected to have at least one (singleton) long-lived ancestor or at 117 

least one average-lived ancestor. This means that they could have more than 1 long or 118 

average lived ancestor but we actively selected for the presence of only 1 such ancestor. 119 

Supplementary Figure 3A provides a conceptual overview of this selection. To this end, we 120 
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selected either F3 descendants with at least one top 10% grandparent, at least one top 10% 121 

parent, or with grandparents who died between 40 and 59 years (their children (parents) 122 

resembled the general population). In a final step, we focused on the F3 descendants with at 123 

least one long-lived parent and calculated LRC scores within this F3 group to determine if 124 

parents transmitted their longevity more frequently if they were part of a long-lived 125 

(LRC≥0.30) family (Figure 1B). The analysis steps are summarized in Supplementary Figure 5 126 

and an overview of the available data per group and generation is shown in Table 1. 127 

 128 

Longevity is transmitted in the case group and not in the control group 129 

Focusing on the original approach (Figure 1A), we determined to what extent longevity is 130 

transmitted in the original case and the control group by estimating SMRs per generation for 131 

all cases and controls separately. Table 2 shows that F1 cases had a similar survival pattern 132 

to birth cohort members of the same sex, indicating that they resemble a representative 133 

group of random Dutch persons aged ≥ 80 years and born between 1860 and 1875. The SMR 134 

for the descendants of the cases  (F2 case descendants) was 0.87 (95%CI=0.84-0.89), 135 

indicating 13% less deaths than expected based on individuals from a similar birth cohort 136 

and sex. From here we refer to this as 13% excess survival (or, if appropriate, excess 137 

mortality) compared to the general population. The descendants of controls (F2 control 138 

descendants) had a similar survival pattern to the general population (SMR=1.01 139 

(95%CI=0.96-1.05)). The spouses of the F2 case and control descendants surprisingly also 140 

showed a pattern of excess survival (SMRcase_F2spouses=0.89 (95%CI=0.85-0.94) and 141 

SMRcontrol_F2spouses =0.9 (95%CI=0.83-0.97)). Next we observed 14% (95%CI=11%-16%) excess 142 

survival compared to the general population for F3 descendants of the F1 cases, whereas F3 143 
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control descendants resembled the general population (SMR=0.96 (95%CI=0.93-1.00)) just as 144 

observed in the F2 generation. The spouses of both F3 groups resembled the general 145 

population (SMRcase_F3spouses=1.00 (95%CI=0.95-1.05) & SMRcontrol_F3spouses=1.07 (95%CI=0.99-146 

1.15)). We conclude that two descendant generations of cases, who belong on average to 147 

the top 10% survivors, have 13-14% excess survival compared to the general populations 148 

and that the descendants of controls resemble the general population.  149 

 150 

To explore to what extent the survival of F2 and F3 descendants depends on the extremity of 151 

the longevity of their parents, we calculated SMRs for F2 and F3 case and control 152 

descendants with increasing parental longevity (for example, a parent belonged to the top 153 

10%, 5%, or 1% survivors). We observed that the SMR decreased in descendants when 154 

defining parental longevity in terms of more extreme survival percentiles. This was the case 155 

for descendants of both the IP cases and controls although the effects were stronger in the 156 

descendants of the cases, especially in F3, since this group is now selected to have long-lived 157 

parents and grandparents (Supplementary table 1). This illustrates that selection on single 158 

long-lived persons belonging on average to the top 10% survivors, as we did for the IP 159 

selection, leads only to a modest transmission of longevity in two generations (max 14%). 160 

Likely, the control group includes misclassified persons of which the descendants do live 161 

longer, whereas the case group includes long-lived persons that do not transmit longevity to 162 

their descendants (potentially these are phenocopies). Such misclassification can jeopardize 163 

genetic studies immensely. To be able to evaluate living persons as potential carriers of the 164 

heritable longevity trait in genetic studies, we constructed and validated a familial longevity 165 

score. 166 
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 167 

Constructing the Longevity Relatives Count score  168 

We now look at the HSN data from a different perspective, the combined approach (Figure 169 

1B). In the combined approach we consider the F3 generation as the focal point of the 170 

pedigree, instead of the F1 generation, as was the case in the original approach. To identify 171 

individuals with the heritable longevity trait, we constructed the LRC score. 172 

 173 

LRC�=
weighted number of top 10% ancestors

weighted total number of ancestors
= 

∑ �� · �	
� � 0.9�
i

Ni

k=1

∑ ��
Ni

k=1

 

 174 

Where k=1,…,Ni are all the available ancestral blood relatives (from here: ancestors) of F3 175 

descendant i used to build the score (parents, aunts and uncles and grandparent of the F3 176 

descendants, Figure 1B), Pk is the  sex and birth year-specific survival percentile, based on 177 

lifetables, of ancestor k, and I(Pk ≥ 0.9) indicates if ancestor k belongs to the top 10% 178 

survivors. ∑ ��
��

���  is the weighted total number of ancestors of F3 descendant i. The 179 

relationship coefficients are used as weights wk. The LRC score indicates the proportion of 180 

ancestors that has become long-lived. For example, an LRC of 0.5 indicates 50% long-lived 181 

ancestors (see methods for a more detailed and general description of the LRC score). 182 

 183 

Longevity is transmitted when at least 20% of all ancestors are long-lived 184 

To determine what proportion of long-lived ancestors could be associated with the survival 185 

of F3 descendants, we calculated LRC scores for all F3 descendants and subsequently defined 186 

9 mutually exclusive LRC groups (g) of F3 descendants: LRC_g1=0, LRC_g2=[>0 & <0.1], 187 
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LRC_g3=[≥0.1 & <0.2], LRC_g4=[≥0.2 & <0.3], LRC_g5=[≥0.3 & <0.4], LRC_g6=[≥0.4 & <0.5], 188 

LRC_g7=[≥0.5 & <0.6], LRC_g8=[≥0.6 & <0.7], LRC_g9=[≥0.7 & ≥1.0]. For each group of F3 189 

descendants we explored whether they have a survival benefit compared to the general 190 

population by estimating SMRs (Figure 2). F3 descendants without any long-lived ancestors 191 

(LRC score of 0) had a survival pattern that resembled the general population (SMR=0.97 192 

(95%CI=0.93-1.01)). Similarly, we observed a survival pattern that resembled the general 193 

population for F3 descendants with up to 20% long-lived ancestors (group 2 and 3, 194 

SMR=0.97 (95%CI=0.91-1.04) and SMR=0.95 (95%CI=0.91-1.00) respectively). This shows 195 

that the long-lived ancestors of group 2 and 3 F3 descendants were likely phenocopies 196 

instead of genetically enriched long-lived persons. We observed a pattern of excess survival 197 

for F3 descendants with more than 20% long-lived ancestors. The weakest significant effect 198 

was observed for group 3, with an SMR of 0.84 (95%CI=0.80-0.89) which is comparable to 199 

the excess survival of the F3 descendants of the singleton F1 cases in the original approach 200 

(first part of the results). The strongest significant effect was observed for group 8, with an 201 

SMR of 0.56 (95%CI=0.45-0.69). Hence, the higher the degree of long-lived ancestors, the 202 

lower the SMR. This indicates that the more long-lived ancestors an F3 descendant has, the 203 

higher the level of excess survival of these F3 descendants is compared to the general 204 

population, and the more likely that genetic effects drive the transmission of longevity.  205 

 206 

Using the LRC score family method we defined a new case and control group in the F3 207 

generation, which is based on the presence or absence of longevity among the ancestors of 208 

the F3 generation and potential excess survival or mortality in the F3 generation itself 209 

(Figure 1B). The F3 family controls include all F3  descendants without any long-lived 210 
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ancestors (LRC score of 0, N=4,166). To define the F3 family cases we chose an LRC cutoff 211 

based on a trade-off between the size and the uncertainty, given by the sample size, of the 212 

SMR. The F3 family cases include all F3 descendants with at least 30% long-lived ancestors 213 

(LRC score ≥ 0.30 (N=2,526)). Even if F3 family cases are not long-lived themselves, their 214 

survival reflects the presence of longevity of their ancestors, which is transmitted by their 215 

parents. Similarly, F3 controls reflect the absence of longevity of their ancestors. 216 

Supplementary Figure 1 shows the variation in lifespan of the F3 family case and control 217 

descendants. F3 descendants with more than 0% and up to 20% long-lived ancestors (LRC 218 

score >0 and < 0.2) did not express excess survival (N=5,340). The F3 descendants with an 219 

LRC score ≥0.2 and < 0.30 showed some excess survival compared to the general population, 220 

but the size of the SMR was considered too low to enter our family case definition. Hence, 221 

we denoted them  as non-classified (N=2,639).  222 

 223 

Strong survival advantage and genetic enrichment for F3 family cases 224 

To validate the LRC score, we investigate survival differences, measured as age at death or 225 

last observation, between the F3 family cases and controls and used a Cox-type random 226 

effects (frailty) regression model to adjust for within-family relations of the F3 descendants. 227 

Figure 4 and table 3A show that F3 cases have a 25% (95%CI=18-31%) lower hazard of dying 228 

than F3 controls, even after adjustment for sibship size, birth year, and sex. The difference 229 

between the cases and controls became increasingly more pronounced when confining the 230 

cases to a higher proportion of long-lived ancestors, for example an LRC score of 0.40, 0.50, 231 

or 0.60, reflecting 40%, 50%, or 60% long-lived ancestors (Supplementary figure 2). The 232 

strongest effect was observed for those with an LRC score ≥ 0.60 (hazard ratio (HR) of 0.62 233 
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(95%CI=0.50-0.77)). The mortality pattern for the spouses of these F3 cases resembled that 234 

of the F3 controls (HR=0.94 (95%CI=0.82-1.07),Table 3B) and the general population 235 

(SMR=0.92 (95%CI=0.83-1.02)). The survival of the spouses, equal to the F3 controls and the 236 

general population, in addition to the absence of effects of environmental covariate 237 

adjustment, indicates that environmental factors were likely of limited influence to the 238 

observed survival benefit of the F3 cases as defined by our novel family based definition. 239 

Hence, the observed survival benefit of F3 cases likely represents a genetic longevity 240 

component. 241 

 242 

Family cases live longer than those with one long-lived parent or grandparent 243 

Next, we test if the F3 descendants with 30% long-lived ancestors (the family cases) have a 244 

stronger survival advantage than F3 descendants with at least 1 long-lived (top 10%) parent 245 

or grandparent. We actively selected this group of F3 descendants to have 1 long-lived 246 

parent or grandparent, meaning that other ancestors could also be long-lived but there was 247 

no active selection on the presence of their longevity (Supplementary Figure 3A and 3B), 248 

hence the designation ‘at least’ for this group. Subsequently, we tested if F3 descendants 249 

without long-lived ancestors (the family controls) had a similar survival pattern to the F3 250 

descendants with parents resembling the general population (those with a grandparent who 251 

died between 40 and 59 years). Table 4 shows that we observed 14% (95%CI=11%-17%) 252 

excess survival compared to the general population for F3 descendants with at least one 253 

long-lived grandparent (F1). When identifying F3 descendants with at least one long-lived 254 

parent (F2), we observed 16% (95%CI=8%-24%) excess survival compared to the general 255 

population. Using the family method at 30% long-lived family members to identify F3 family 256 
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cases, we observed 26% (95%CI=22%-30%) excess survival compared to the general 257 

population and this increased to 38% (95%CI=31%-45%) when applying a 50% threshold to 258 

the family method. For the identification of controls both methods seem to preform equally 259 

well, with almost identical SMRs of around 1. This indicates that the F3 controls, whether 260 

defined by having no long-lived ancestors or by grandparents dying between 40 and 50 261 

years, have a similar survival pattern to the general population. We conclude that, at least 262 

for cases, the family method provides a better contrast in excess survival compared to the 263 

general population and seems to better represent the heritable longevity trait. 264 

 265 

Since the F3 descendants with ≥ 30% long-lived ancestors have a stronger survival advantage 266 

than those with at least one long-lived parent, it is possible to get an indication of how many 267 

F3 descendants did not appear to have a survival advantage compared to the general 268 

population, even though at least one parent was long-lived. This is relevant in view of case 269 

definitions used in large genetic studies into longevity. Figure 3 and Supplementary Figure 3 270 

show that 919 F3 descendants had a long-lived parent. Out of those 919 F3 descendants, 247 271 

(27%) had more than 0% but less than 20% long-lived ancestors (LRC > 0 and < 0.20) and 272 

thus as a group had an SMR that resembled the general population (Supplementary Figure 273 

3D). The other 672 (73%) had exactly, or more than 20% long-lived ancestors (LRC ≥ 0.20) 274 

and thus, as a group, showed excess survival compared to the general population 275 

(Supplementary Figure 3B and C). These results suggest that if living persons are selected as 276 

case in genetic studies on the basis of one long-lived parent, 27% of these persons is unlikely 277 

to be a carrier of the longevity trait. Persons defined as 30% long-lived ancestors, on the 278 

other hand would be potential carriers.  279 
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Discussion 280 

Human longevity is heritable and clusters in specific families. Studying the familial clustering 281 

of longevity in these families is important to improve our understanding of genetic factors 282 

promoting longevity and healthy aging. The main observations supporting this are (1) In the 283 

original approach, we observed 14% excess survival of the cases compared to their birth 284 

cohort for two subsequent generations (F2-F3) while in the controls no such benefit was 285 

observed, (2) in the combined approach, the excess survival of the F3 cases compared to the 286 

general population was 26-38% depending on the proportion of long-lived family members 287 

being 30-50% and these estimates strongly overlap to the survival difference between the F3 288 

family cases and controls based on the Cox models, (3) no excess survival as compared to the 289 

birth cohort and general population was observed for F3 controls, spouses of cases or 290 

controls and neither for F3 cases with up to 20% long-lived ancestors. The analyses in the 291 

HSN case/control dataset provides strong evidence that longevity is transmitted for at least 2 292 

subsequent generations and only when at least 20% of all ancestors are long-lived. 293 

Moreover, the family cases seem to be genetically enriched for longevity while the controls 294 

resemble the general population. Finally, 27% of the F3 descendants showed a survival 295 

pattern similar to the general population even though they had at least one long-lived 296 

parent.  297 

 298 

Previous family studies, usually focusing on 2 generations and single individuals, showed that 299 

siblings and children of long-lived persons lived longer than first degree ancestors of non-300 

long-lived persons or population controls (5, 6, 36, 41, 7–12, 15, 17). This knowledge about 301 

the familial clustering of longevity was utilized to construct longevity ranking scores such as 302 
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the Family Mortality History Score (FMHS) (42), the est(SE) which subsequently was 303 

developed into the FLOSS (43, 44), the Longevity Family Score (LFS) which is an adaptation to 304 

the est(SE) and the FMHS (12), and finally a method was developed to rank individuals by the 305 

survival of their ancestors, the Familial Excess Longevity (FEL) score (45). The FMHS, FLOSS, 306 

and LFS all resemble excess survival of a family (FMHS focus on parents and FLOSS and LFS 307 

focus on siblings) compared to the general population. The FEL score focuses on excess 308 

survival, defined as the difference between a person’s attained and expected age, derived 309 

from an accelerated failure time model. This excess survival was estimated for ancestors and 310 

from this a score was created for individuals. Although these scores all resemble a 311 

continuous familial estimate of a lifespan advantage and not necessarily longevity, they 312 

might be used as an inclusion tool for cases in genetic (association) studies (43). However, 313 

these scores are not based on a clear longevity definition that represents the heritable 314 

longevity trait and they always require an arbitrary and difficult to interpret decision to 315 

make a cutoff in the scores so that they resemble longevity. In addition, the majority of the 316 

scores are not based on ancestors and thus do not capture the full family history of 317 

longevity. As such, the scores are not suitable to establish the proportion of family members 318 

that should be long-lived in order to properly define long-lived cases with a heritable 319 

longevity trait and thus, increase the power of genetic longevity studies. 320 

 321 

To overcome these issues, we developed a novel tool based on mapping the longevity of a 322 

person’s ancestors, the LRC score. The LRC score can be used to select carriers of the 323 

heritable longevity trait (cases) and controls who resemble the general population. Another 324 

interesting group, which we did not address in this article, is composed of persons without 325 

any long-lived ancestors who themselves are long-lived. It may be interesting to study 326 
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environmental factors contributing to a long and healthy life in this group. Here we used the 327 

LRC score to construct a novel family case and control group and observed a survival 328 

advantage for F3 case descendants, even when their parents were not necessarily long-lived, 329 

supporting the idea that a beneficial genetic component was transmitted. Likewise, the 330 

increase in the LRC score ≥ 20% associated with an increase in survival advantage for F3 331 

descendants. This indicates that every additional ancestor contributes to the survival 332 

advantage of F3 descendants and confirms our previous findings in the LINKing System for 333 

historical demography (LINKS) data and the Utah Population Database (UPDB) (13). This 334 

additive pattern is not readily expected if the observations are due to non-genetic factors, 335 

such as wealth, that cluster in families. The fact that none of the environmental confounders 336 

(sex, birth year, and sibship size) affected the survival differences between the family cases 337 

and controls provided additional evidence for the transmission of a genetic component. A 338 

final indication for the genetic enrichment of the family cases is based on the observed 339 

mortality pattern for the spouses of the family cases and controls which resembled the 340 

family controls themselves and the general population. 341 

 342 

We observed that F3 descendants with at least one long-lived parent had less excess survival 343 

than a subset of these F3 descendants who had at least 30% long-lived ancestors and this 344 

difference increased when at least 50% of their ancestors were long-lived. These results 345 

indicate that some parents were long-lived but might not have transmitted their longevity to 346 

the subsequent F3 generation. In fact, 27% of the F3 descendants with at least one long-347 

lived parent did not have an LRC ≥0.20 and, as a group, did not express excess survival. 348 

Hence the parents of theses 27% F3 descendants were sporadically long-lived as they did not 349 

transmit their longevity. Thus, genetic studies may benefit from a case definition, where 350 
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cases are long-lived and have at least 30% long-lived ancestors, as current genetic studies, 351 

based on long-lived cases, often not include ancestral longevity in their case selection. Even 352 

though our data did not allow for an exact misclassification analysis, studies showed that the 353 

level of phenotypic misclassification in case and control annotation has a strong inhibiting 354 

effect on the power to identify variants in genetic association studies, including GWAS (37, 355 

46–54). Moreover, it was shown that the power to identify genetic variants decreases at an 356 

equal rate to the level of misclassification (37). For example, a study with 95% power to 357 

detect an association based on a sample of 100 cases and controls when there are no 358 

phenotypic errors may actually have only 75% power when 20% of the cases are 359 

misclassified as controls and vice versa (37). Interestingly, when known, methods exist to 360 

adjust for the level of phenotypic misclassification (47–49, 51, 55), providing opportunities 361 

for specific application in genetic longevity research. 362 

 363 

Due to the nature of the HSN data we could not use the mortality data for the parents (F0), 364 

siblings (F1), and spouses (F1) of the F1 IPs. Mortality data was less incomplete for the F2 365 

and F3 spouses (table 1A) but there was still a relatively large number of missing mortality 366 

data. Thus, for future studies with this dataset it might be interesting to extend the mortality 367 

information for these groups. Furthermore, life course data was only present for persons 368 

with an identified personal card or personal list (details in the methods section). 369 

Consequently, socio-economic status and religion was only available for a small part (around 370 

15%) of the F3 descendants with an unequal share of availability between men and women. 371 

This led to the exclusion of these environmental factors from our analyses. Even though we 372 

could not adjust our models for socio-economic status and religion, it is known from other 373 

studies that those factors are not influencing the association between parental longevity and 374 
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offspring survival (13). Similarly, previous studies showed only a minor (56) or no (13, 57) 375 

influence of early and mid-life environmental covariates, such as farm ownership, parental 376 

literacy, parental and own occupation, and birth intervals, on the association between 377 

parental longevity and offspring survival. We, however, cannot completely rule out that 378 

other, unobserved non-genetic familial effects may affect our results. The observed excess 379 

survival of F2 case and control group spouses in the original approach seem to be an 380 

exception, as we observed a survival advantage for both groups. This is likely a form of 381 

ascertainment bias because mortality data for this group was difficult to obtain in the Dutch 382 

Personal Records Database, leading to an overrepresentation of high ages at death. These 383 

observations add to the mixed results about whether spouses married to a long-lived person 384 

have a survival advantage themselves (8, 12–15, 58). 385 

 386 

Our results have two important implications. First, existing studies based on living study 387 

participants who have not yet reached the ages to express longevity, but have ancestral 388 

survival data, such as UK Biobank, can now better distinguish cases by incorporating a 389 

liability based on the LRC score.  Second, new studies would obtain a maximum power to 390 

identify loci that promote survival to the highest ages in the population when cases are 391 

included with at least 30% (LRC≥0.30) ancestors who belong at least to the top 10% survivors 392 

of their birth cohort and are themselves among the 10% longest lived. More extreme 393 

selections can be made on the survival percentile by for example focusing on the top 5% or 394 

1% survivors, and/or on the proportion of long-lived family members, for example 50%. 395 

However, this is not strictly necessary and might unnecessarily lead to limited sample sizes 396 

(13). In addition, controls without any ancestors living to the top 10% survivors of their birth 397 

cohort should be included, as their mortality pattern resembles that of the general 398 
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population. Finally, for future research it may be interesting to study the environmental 399 

factors causing the longevity in those individuals who were long-lived but had no long-lived 400 

ancestors. If our proposed method is consistently applied across studies, the comparative 401 

nature of longevity studies may improve and facilitate the discovery of novel genetic 402 

variants.  403 
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Methods 404 

Historical Sample of the Netherlands 405 

The Historical Sample of the Netherlands (HSN) Dataset Life Courses, Release 2010.01 is 406 

based on a sample of birth certificates and contains complete life course information for 407 

37,137 Dutch individuals (index persons (IPs)) born in and between 1850 and 1922 (38–40). 408 

These 37,137 persons were subsequently identified in the Dutch population registers and 409 

followed in the registers throughout their entire life course (39, 40, 59). The database 410 

includes information about the IPs’ household, including their siblings, parents, and children, 411 

occupation at several points in time and religion. Households were only followed as long as 412 

the IP was present in that household meaning that information on kin was only partly 413 

covered (40, 59). For this study we selected 884 IPs who died at 80 years or beyond (case 414 

group) and 442 IPs who died between 40 and 59 years (control group), representing 1,326 415 

disjoint families. IPs from both groups were born between 1860 and 1875. The case group 416 

was defined so that we would obtain a sample with overrepresentation of long-lived 417 

individuals. This was interesting since it would potentially allow to select on more extreme 418 

ages at death and still guarantee numbers reasonably large. The control group was selected 419 

to represent the mortality pattern of the general population of that time as best as possible. 420 

Individuals from both groups were selected to have an available date of birth, date of death, 421 

and at least one child should be identified. In conclusion, we identified 1,326 IPs (cases and 422 

controls), their F0 parents (N=2,652), F1 siblings (N=5,179), F2 descendants (N=7,404) and F1 423 

spouses (N=1,409), covering 3 filial generations (F0 - F2) spanning from 1788 to 1941 (Figure 424 

1A and Table 1). The underlying data for this specific study were released as Kees 425 
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Mandemakers and Cor Munnik, Historical Sample of the Netherlands. Project Genes, Germs 426 

and Resources. Dataset LongLives. Release 2016.01. 427 

 428 

Extending the HSN study 429 

For this study we extended the pedigrees until we identified the living descendants for all 430 

1326 families. From the population registers we know the names of all F2 descendants and 431 

we subsequently identified the F2 descendants on personal cards (PCs) and personal lists 432 

(PLs) which were obtained from the Dutch central bureau of genealogy (CBG). These PLs and 433 

PCs were respectively introduced in 1939 and 1994 as the individualized and subsequently, 434 

digitized form of the population register (40). The cards contain similar information to the 435 

population registers and because of privacy legislation could only be obtained for deceased 436 

persons, one year after they passed away (https://cbg.nl/bronnen/cbg-437 

verzamelingen/persoons kaarten-en-lijsten). Hence, from these cards we obtained similar 438 

life course and mortality information for the F2 descendants as for the F1 IPs and we 439 

obtained the names of their descendants (F3). We repeated this procedure until no cards 440 

could be obtained anymore, which was at the F3 generation. Thus the F4 generation was not 441 

identified on the PCs of PLs anymore. In conclusion, we identified and obtained information 442 

for the F2 descendants, F2 spouses, F3 descendants, F3 spouses, and F4 descendants 443 

(Figure1A and Table1). We will refer to this database as the HSN case/control database. 444 

 445 

Obtaining information for the living descendants  446 

In a final step we obtained as much mortality information as possible for the relatives of the 447 

identified persons and we obtained addresses, as contact information for the living 448 

descendants. This information was obtained through the Personal Records Database (PRD) 449 
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which is managed by Dutch governmental service for identity information. 450 

https://www.government.nl/topics/personal-data/personal-records-database-brp. The PRD 451 

contains PL information on all Dutch citizens (alive and death) and PC information is 452 

continuously added. We were granted permission (permission number: 2016-0000364875) 453 

to obtain the date of death, date of last observation, current living address, and identifying 454 

information such as names of a person’s father and mother to double check if the person 455 

identified in the PRD was identical to the person in our HSN case/control database. Using the 456 

PRD we were able to obtain addresses for F3 and F4 descendants and additional mortality 457 

information for F2 descendants, F2 spouses, F3 descendants, F3 spouses, and F4 458 

descendants (Figure1A and Table1). The final database covers 57,337 persons from 1,326 459 

five-generational families (F0-F4) and contains F1 index persons (IPs), their parents (F0), 460 

siblings (F1), spouses (F1), and 3 consecutive generations of descendants (F2-F4) and 461 

spouses (F2-F4), connecting deceased persons to their living descendants. 462 

 463 

Exclusion criteria and study population 464 

Due to the nature of the source data there is a high rate of missing mortality information for 465 

F0 parents, F1 spouses and F1 siblings, which we therefore excluded from analyses. We 466 

further excluded F4 descendants because 92% is still alive (Table 1 and Figure 1B). The final 467 

study population covers 37,825 persons from 1,326 three-generational families (F1-F3) and 468 

contains F1 index persons (IPs), 2 consecutive generations of descendants (F2-F3) and 2 469 

generations of spouses (F2-F3). 470 

 471 

Statistical analyses 472 
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Statistical analyses were conducted using R version 3.4.1 (60). We reported 95% confidence 473 

intervals (CIs) and considered p-values statistically significant at the 5% level (α = 0.05). 474 

 475 

Lifetables 476 

In the Netherlands, population based cohort lifetables are available from 1850 until 2019 477 

(61, 62). These lifetables contain, for each birth year and sex, an estimate of the hazard of 478 

dying between ages x and x + n (hx) based on yearly intervals (n=1) up to 99 years of age. 479 

Conditional cumulative hazards (Hx) and survival probabilities (Sx) can be derived using 480 

these hazards. In turn, we can determine to which sex and birth year based survival 481 

percentile each person of our study belonged to. For example: a person was born in 1876, 482 

was a female, and died at age 92. According to the lifetable information this person 483 

belonged to the top three percent survivors of her birth cohort, meaning that only three 484 

percent of the women born in 1876 reached a higher age. We used the lifetables to calculate 485 

the birth cohort and sex specific survival percentiles for all persons in the HSN case/control 486 

study. This approach prevents against the effects of secular mortality trends over the last 487 

centuries and enables comparisons across study populations(1, 11). Supplementary Figure 6 488 

shows the ages at death corresponding to the top 10, 5, and 1 percent survivors of their 489 

birth cohorts for the period 1850-1935. 490 

 491 

Standardized Mortality Ratios 492 

To indicate excess mortality or excess survival of groups, such as F2 case or control group 493 

descendants in the HSN case/control study compared to Dutch birth cohort members of the 494 

same sex, we used Standardized Mortality Ratios (SMRs). An SMR is estimated by dividing 495 

the observed number of deaths by the expected number of deaths. The expected number of 496 
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deaths are given by the sum of all individual cumulative hazards based on the birth cohort 497 

and sex specific lifetables of the Dutch population. An SMR between 1 and 0 indicates excess 498 

survival, an SMR of 1 indicates that the study population shows a similar survival to the 499 

reference population, and an SMR above 1 indicates excess mortality. The SMR can be 500 

estimated conditional on the specific age at which an individual starts to be observed in the 501 

study (correction for left truncation). This was necessary to avoid selection bias if individuals 502 

in a study population were not at risk of dying before a specific age of entry.   503 

 504 
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 505 

Where ��=dead status (1=dead, 0=alive), %	�
=sex and birth year specific cumulative hazard 506 

based on lifetable,  �=timing, referring to age at death or last observation,   ��=liftable age 507 

conditioning, for example from birth ( ��=0), N= group sample size. Exact CIs were derived 508 

(63) and compared to bootstrap CIs for family data (12). Both methods provided identical CIs 509 

and thus, to reduce the amount of computational time necessary to estimate bootstrap CIs, 510 

we estimated exact CIs.  511 

 512 

Longevity Relatives Count score 513 

Based on the results of a recent study which shows that longevity is heritable beyond the 514 

10% survivors of their birth cohort and that multiple family members, such as parents and/or 515 

aunts and uncles, should belong to the top 10% survivors (13) we constructed a novel score 516 

that summarizes the familial history of longevity, the Longevity Relatives Count score (LRC).  517 

 518 
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 519 

Where k=1,…,Ni are the available relatives of individual i used to build the score, Pk is the sex 520 

and birth year–specific survival percentile based on lifetables of relative k and I(Pk ≥ 0.9) 521 

indicates if relative k belongs to the top 10% survivors  ∑ ��
��

���  is the weighted total 522 

number of relatives of person i. The relationship coefficients are used as weights wk.. For 523 

example, persons share on average 50% of their nuclear DNA with their parents and siblings 524 

and this is 25% for aunts, uncles or grandparents. Hence, in the LRC, each parent and sibling 525 

contributes 0.5 to the score while each aunt, uncle or grandparent contributes only 0.25. 526 

This is consistent to a previous study of us, which shows that distant longevous relatives 527 

associate significantly, but less strong to a person’s survival than a close long-lived relative 528 

(13). The higher the score, the higher the familial aggregation level of longevity. For 529 

example, a score of 0.5 indicates that 50% of a person’s relatives were long-lived. We utilized 530 

the LRC score to map the proportion of long-lived ancestors for all F3 descendants, select 531 

cases with the heritable longevity trait and controls resembling the general population, and 532 

compare the survival advantage of F3 descendants who had at least one long-lived parent to 533 

those who had at least 30% long-lived descendants. The LRC scores were based on all 534 

identified relatives of F3 descendants with sufficient data quality (Supplementary Figure 4 535 

and 5). 536 

 537 

Survival analysis (Cox-type random effects regression model) 538 

To investigate the extent of a survival difference between the family F3 case and control 539 

group we use a Cox-type random effects model: 540 
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 541 
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 542 

where  �� is the age at death for person j in family i. '�( ��) refers to the baseline hazard, 543 

which is left unspecified in a Cox-type model. - is the vector of regression coefficients for 544 

the main effects of interest 	.�. 0 is a vector of regression coefficients for the effects of 545 

covariates and possible confounders 	1�. ��  > 0 refers to an unobserved random effect 546 

(frailty). In all Cox models we adjust for sibship size, birth year, and sex.  547 

 548 

Code availability 549 

The scripts containing the code for data pre-processing and data analyses can be freely 550 

downloaded at: https://git.lumc.nl/molepi/PUBLIC/LRCscore. 551 

 552 

Data availability 553 

Currently all data is cleaned and we are constructing a data description file. As soon as the 554 

data description file is completed the data will be made freely available in a data repository. 555 
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Figure legends 713 

 714 

Figure 1: Pedigree overview of the data structure 715 

This figure illustrates the two approaches; 1. the original approach and 2. the combined 716 

approach. The original approach refers to the case and control group based on the F1 IPs 717 

where cases died at 80 years or older and controls died between 40 and 59 years (panel A). 718 

Panel B shows a pedigree of the data from the perspective of F3 children (combined 719 

approach). The combined approach refers to the dataset where we combined the cases and 720 

controls form the original design and constructed a new case and control group in the F3 721 

descendants. To this end, F3 descendants with ≥30% long-lived ancestors were labeled as 722 

family cases and those without long-lived ancestors as family controls. F3 spouses were left 723 

out of this figure but this group was used to confirm a genetic enrichment in the F3 724 

descendants.  725 

 726 

Figure 2: LRC score in mutually exclusive F3 descendant groups 727 

The figure shows Standardized Mortality Ratios for all F3 descendants without missing 728 

mortality information. The F3 descendants are grouped into mutually exclusive groups based 729 

on the Longevity Relatives Count (LRC) score. The LRC score represents the family approach 730 

as illustrated in figure 1B. The dark red color of group one represents F3 descendants 731 

without any long-lived (top 10%) ancestors and are denoted as family controls. The light red 732 

represents F3 descendants who had more than 0 and less than 20% long-lived ancestors. The 733 

light blue colors represent the F3 descendants with 20% or more long-lived ancestors. The 734 

dark blue color represent our cut-off point for the family case definition. Hence all F3 735 
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descendants with 30% or more long-lived ancestors were considered family cases. The beige 736 

color of group 9 shows that this bar represents all F3 ancestors with more than 70% long-737 

lived ancestors as their sample size was very low, we grouped them into one group.   738 

 739 

Figure 3: LRC score for F3 descendants with at least one long-lived parent 740 

This center of this doughnut figure shows all F3 descendants (N=919) with at least one long-741 

lived (top 10%) parent, ignoring the rest of the ancestors. Thus, at least means that they 742 

could have more than 1 long-lived ancestor but we actively selected for the presence of only 743 

1 such ancestor. The edges of the doughnut illustrate the number and proportion of these 744 

919 F3 descendants with at least one long-lived parent who had  1. 30% or more long-lived 745 

ancestors (LRC ≥ 0.30) and excess survival compared to the general population (SMR < 1), 746 

N=335 (36%) 2. between 20% and 30% long-lived ancestors (LRC ≥ 0.20 and < 0.30) and 747 

excess survival compared to the general population (SMR < 1), N=337 (37%) and 3. between 748 

0% and 20% long-lived ancestors (LRC > 0.20 and < 0.20) and a similar survival pattern to the 749 

general population (SMR ~ 1), N=247(27%). 750 

 751 

Figure 4: Survival differences between family based cases and their spouses   752 

This figure shows the survival curve for the difference in survival between the F3 family 753 

cases and controls. The figure is connected to Table 3A which shows the Hazard Ratios 754 

corresponding to the difference between the two curves. Blue color represent the cases, red 755 

color represents the controls. 756 
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Tables 758 
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Table 1: Overview study sample for groups in all generations based on the proband and F3 perspective 760 

The Cases and Controls rows provide an overview of the groups of persons from the original case/control perspective of the data, described as part a. The F3 perspective rows provide an overview of the groups of 761 
persons from the perspective of F3 descendants, described as part b. mean and missing age refer to an unknown age at death or an unknown age at last observation. For the F0 and F1 groups we assume everyone is 762 

Role Number  

Deceased 

(%) 

Alive  

(%) 

Female 

(%) 

Range Birth 

cohort 

Mean age 

(sd) 

Median age 

(sd) 

missing_age 

(%) 

         

Cases (Original design)         

F0 parents* 1768 899 (51) 0 (0) 884 (50) 1788-1858 64.23 (16.17) 66.52 (18.01) 869 (49) 

F1 IPs 884 884 (100) 0 (0) 422 (50) 1860-1875 85.79 (4.59) 84.99 (4.95) 0 (0) 

F1 siblings* 3439 1889 (55) 0 (0) 1699 (50) 1843-1908 39.12 (33.06) 42.45 (51.79) 1550 (45) 

F1 spouses* 944 581 (62) 0 (0) 502 (53) 1833-1904 66.89 (15.1) 69.8 (15.48) 363 (38) 

F2 descendants 4916 4405 (90) 11 (1) 2435 (50) 1879-1941 63.04 (31.11) 75.51 (17.72) 500 (9) 

F2 spouses 3899 1500 (38) 16 (1) 1504 (38) 1873-1934 76.2 (15.09) 78.78 (12.83) 2383 (61) 

F3 descendants 9910 4869 (49) 4146 (42) 4733 (48) 1901-1973 70.35 (19.54) 74.77 (11.38) 895 (9) 

F3 spouses 3431 1289 (38) 792 (23) 1963 (57) 1900-1959 77.14 (11.31) 79.25 (10.1) 1350 (39) 

F4 descendants* 9001 746 (8) 7172 (80) 3937 (44) 1922-1995 57.7 (10.68) 58.21 (9) 1083 (12) 

         

Controls (Original design)         

F0 parents* 884 476 (54) 0 (0) 442 (50) 1791-1858 61.77 (15.49) 63.34 (17.7) 408 (46) 

F1 IPs 442 442 (100) 0 (0) 214 (48) 1860-1875 51.71 (5.71) 52.88 (6.21) 0 (0) 

F1 siblings* 1740 1039 (60) 0 (0) 832 (48) 1851-1897 34.9 (32.39) 28.33 (41.44) 701 (40) 

F1 spouses* 465 233 (50) 0 (0) 246 (53) 1837-1890 64.66 (16.64) 67.92 (16.74) 232 (50) 

F2 descendants 2488 2202 (89) 1 (<1) 1217 (49) 1881-1925 58.17 (32.49) 71.72 (21.37) 285 (11) 

F2 spouses 1877 690 (37) 7 (<1) 734 (39) 1875-1935 76.02 (14.77) 78.34 (13.76) 1180 (63) 

F3 descendants 4761 2540 (53) 1813 (38) 2265 (48) 1904-1966 69.39 (20.38) 74.49 (11.36) 408 (9) 

F3 spouses 1778 721 (41) 376 (21) 972 (55) 1893-1965 76.54 (11.5) 78.66 (10.47) 681 (38) 

F4 descendants* 4710 387 (8) 3744 (80) 2099 (45) 1871-1992 57.72 (11.17) 58.37 (9.35) 579 (12) 

         

F3 perspective (Combined design)         

F3 descendants 14671 7409 (51) 5959 (41) 6998 (48) 1901-1973 70.03 (19.82) 74.68 (11.38) 1303 (8) 

F3 spouses 5209 2010 (38) 1168 (22) 2935 (55) 1893-1965 76.93 (11.38) 79.07 (10.24) 2031 (40) 

F2 parents 9728 6139 (63) 23 (1) 4137 (43) 1873-1935 76.8 (13.4) 78.9 (12.31) 3566 (36) 

F2 aunts & uncles 7036 6382 (91) 10 (1) 3456 (49) 1879-1941 61.81 (31.47) 74.4 (18.67) 644 (8) 

F1 grandparents 1181 1181 (100) 0 (0) 560 (47) 1860-1875 74.88 (16.6) 81.94 (9.72) 0 (0) 
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dead because the birth cohorts date back further than 120 years. From the F2 generations we requested Personal Records Data indicating if a person was still alive or not and if not, what the date of death was. The 763 
F1 IPs are the focal persons in the pedigrees as they are selected to be 80 years or older (cases) or to have died between 40 and 59 years (controls). * indicates that the group is excluded for this study, sd refers to 764 
standard deviation.  765 

  766 

.
C

C
-B

Y
-N

C
-N

D
 4.0 International license

a
certified by peer review

) is the author/funder, w
ho has granted bioR

xiv a license to display the preprint in perpetuity. It is m
ade available under 

T
he copyright holder for this preprint (w

hich w
as not

this version posted A
pril 16, 2019. 

; 
https://doi.org/10.1101/609891

doi: 
bioR

xiv preprint 

https://doi.org/10.1101/609891
http://creativecommons.org/licenses/by-nc-nd/4.0/


40 

 

Table 2: Standardized mortality ratios for original case and control group individuals 767 

Role 

Case group 

SMRs Number (N) 

Control group 

SMRs Number (N) 

Adjustment for 

right truncation 

F1 IPs 1.06 (0.99-1.13) 884 NA NA 80 years 

F2 descendants 0.87 (0.84-0.89) 4416 1.01 (0.96-1.05) 2203 No adjustment 

 F2 spouses 0.89 (0.85-0.94) 1516 0.9 (0.83-0.97) 697 20 years 

F3 descendants 0.86 (0.84-0.89) 9015 0.96 (0.93-1.00) 4353 No adjustment 

 F3 spouses 1.00 (0.95-1.05) 2081 1.07 (0.99-1.15) 1097 20 years 
Original cases (F1 IPs) died at 80 years or older, original controls (F1 IPs) died between 50 and 69 years. If persons could not die before a 768 
specific age due to direct or indirect selection, due to for example that all persons in a group were selected to have a child an adjustment 769 
for right truncation was applied so that a fair comparison could be made with their birth cohort members. An SMR for F1 control IPs could 770 
not be estimated due to a combination of left and right truncation in the data. The lifetables can only be adjusted for right or left 771 
truncation, but not a combination between the two.  772 
  773 
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Table 3: Mortality difference between family cases and controls and their spouses 774 

 A   B   

 N (mean) HR (95% CI) P-value N (mean) HR (95% CI) P-value 

Family based case/control group        

 Control group (ref) 3714 (0.62)   3714 (0.50)   

 Case group 2282 (0.38) 0.75 (0.69-0.82)  1.75e-10 2282 (0.30) 0.74 (0.68-0.80) 4.08e-12 

 Spouses of cases    541 (0.07) 0.94 (0.82-1.07) 3.44e-01 

 Spouses of controls    937 (0.13) 1.12 (1.00-1.25) 4.07e-02 

Birth year 5996 (1933) 0.99 (0.98-0.99)  1.99e-05 7474 (1932) 0.98 (0.98-0.99) 1.39e-12 

Sex       

 Males (ref) 3133 (0.52)   3364 (0.45)   

 Females 2863 (0.48) 0.56 (0.52-0.61) <1.00e-15 4110 (0.55) 0.49 (0.46-0.53) <1.00e-15 

Sibship size       

 Small - 1-2 sibs (ref) 1531 (0.26)      

 Medium - 3-5 sibs 1770 (0.30) 1.17 (1.04-1.32)  8.51e-03    

 Large - 6-8 sibs 927 (0.15) 1.22 (1.04-1.43)  1.21e-02    

 Exceptional - 9-15 sibs 441 (0.07) 1.36 (1.09-1.68)  5.84e-03    

 Single child - 0 sibs 1327 (0.22) 1.81 (1.62-2.02)  <1.00e-15    
Table 3A corresponds to the CH curves of panel a of figure 4. Means represent a mean for a continuous variable and a proportion for a categorical variable. When the p-value was lower than 1.00e-15 we indicated 775 
the P-value as <1.00*10-15. SES = socio-economic  status, OCC = occupational coding scheme of 1950, CI = confidence interval, CH = cumulative hazard. P-values are estimated with cox regression. F3 children with 776 
relatives who were still alive and had no last moment of observation ≥ 100 years were removed to assure an equal comparison between cases and controls. In table 3B the spouses of cases and controls are adjusted 777 
for the fact that they could not die before the birth of at least their first child (left truncation). We adjusted for this left truncation by entering the spouses of cases and controls in the model based on the first 778 
observed death in the groups (cases: 30 years and controls: 25 years). In model A no adjustment for left truncation was necessary. In both models we adjusted for right censoring by including a censoring indicator in 779 
the cox model.  780 
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Table 4: Standardized Mortality Ratio for different F3 descendant groups 782 

Group SMR N 

Cases   

 F3 descendant with at least one long-lived grandparent 0.86 (95%CI=0.83-0.89) 4986 

 F3 descendant with at least one long-lived parent 0.84 (95%CI=0.76-0.92) 852 

 F3 descendant with ≥ 30% long-lived ancestors (LRC ≥ 

 30%) 

0.74 (95%CI=0.70-0.78) 2304 

 

 F3 descendant with ≥ 50% long-lived ancestors (LRC ≥ 

 50%) 

0.62 (95%CI=0.55-0.96) 565 

 

Controls   

 F3 descendant with grandparent who died between 40 

 and  59 years 

0.96 (95%CI=0.93-1.00) 4353 

 

 F3 descendant with no long-lived ancestors (LRC = 0) 0.97 (95%CI=0.93-1.01) 3782 

Long-lived is defined as belonging to the top 10% survivors of their birth cohort. Note that the group 783 

size (N) reflects only those with a known age at death as this was necessary to estimate a 784 

standardized mortality ratio.  785 

 786 
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(LRC ≥ 0 and < 0.20) and an SMR = 1 

F3 descendants with ≥ 20% and less than 30% long-lived ancestors 
(LRC ≥ 0.20 and < 0.30) and an SMR <1 
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